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PREFACE 


This monograph, the sixth in order of publication and the 
fifth of the regular series, is a review of available information 
on the preparation and properties of metallic iron of high purity 
and is, therefore, a basis for the other monographs of the series. 
The true foundation would be the fundamental properties of 
pure iron, i.e ., of iron which contains no trace of any other 
element, but such iron has never been prepared, at least in useful 
quantities; consequently the properties of pure iron have not 
been determined. The best available approximation of the 
properties of pure iron is supplied by the properties of the purest 
irons on record but, according to the authors' definition, these 
are the properties of high-purity iron, not of pure iron. Through- 
out the text, the expression pure iron is avoided ; even the purest 
irons so far produced are considered to be of high purity but 
not pure. 

In this monograph, as in previous books of the regular series, 
temperatures are given in degrees centigrade, except in those 
portions of the text which are of especial interest to the engineer 
or the practical steel worker, in which case conversions have 
been made to the nearest 5 degrees Fahrenheit. In the chapters 
on the preparation of high-purity iron current densities are given 
in both metric and English units. 

In the chapters on mechanical properties definitions have 
been adopted which were used in previous monographs of the 
series. The property variously reported in the literature as 
elastic limit, proportional limit, or yield point has been termed 
yield strength , unless it was determined in accordance with the 
definitions of elastic limit or proportional limit proposed by the 
American Society for Testing Materials ( Proceedings , v. 31, 
part 1, 1931, pp. 602-604). In all cases the term used by the 
original investigator has also been given in a footnote. Most 
of the values termed yield strength were determined by the 
“drop-of-beam” method. 
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PREFACE 


The appended bibliography refers mainly to articles which 
have been consulted in the original, although in a few cases it 
was necessary to rely upon abstracts. In such cases both the 
original and abstract references are cited. References are 
arranged in the bibliography chronologically by year of publica- 
tion and alphabetically by author for each year. Patents are 
cited in the text when desired information could be found in 
patent specifications and not elsewhere; no attempt at a com- 
prehensive search of patent literature has been made. 
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* J. G. Thompson, 

Washington, D. C., 
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PART I 

PREPARATION OF HIGH-PURITY IRON 




CHAPTER I 


LABORATORY PRODUCTION OF ELECTROLYTIC IRON 


Aqueous Electrolytes: /Sulphate Baths — Aqueous Electrolytes: Chloride 

Baths " Other A queous Electrolytes — Organic Electrolytes— Fused Elec- 
trolytes - A uthors ) Summary 

The methods by winch iron of high purity has been prepared 
are of two general types: electrolytic methods, whereby iron is 
produced by electrolytic deposition, and chemical methods, 
whereby purified iron compounds are reduced or decomposed to 
give the metal, or solid or molten iron is further purified by 
c hex ni cal treatm cut. 

Electrolytic processes may be classified as refining processes 
when impure forms of iron, used as anodes, are refined electro- 
lytically, and as extraction processes when solutions of iron 
salts, obtained usually by chemical treatment of iron ores, are 
electrolyzed with insoluble anodes. Extraction processes have 
usually been devised for use on a commercial scale and are, there- 
fore, considered in Chapter II in connection with the commercial 
manufacture of electrolytic iron. Electrolytic refining and 
chemical methods of purification have been employed both for 
laboratory experimentation and for production on a larger scale. 

The ensuing discussion of electrolytic processes will be divided 
according to the type of electrolyte used. 

A. AQUEOUS ELECTROLYTES : SULPHATE BATHS 

Of the three types of electrolytes, aqueous, organic, and fused, 
that have been used in the electrolytic refining of iron only the 
first is of importance. The organic and fused electrolytes, while 
possibly of scientific interest, have had no practical applications. 

1. Historical Review.— Although the preparation of iron by 
eledTodopositicm was reported as early as 1831 by Becquerel (2) 
and was investigated in 1846 by Bockbuschmann and Liet (4) and 
by BbUgor, (6) and in 1848 by ltyhiner, C7) the product seems to 
have been more or less of a scientific curiosity for several decades. 

3 
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Roberts* 3 11 stated that specimens of electrolytic iron were 
exhibited by Feuquicbres at the Paris Exposition in 18(57 and 
that Gamier in 1858 had patented a process for preparing 
electrotypes by deposition of iron on copper. Improvements 
in Garnicr’s process were proposed by Meidinger (U) and others, 
but the only early use of the process seems to have been at tins 
Russian Mint where bank notes were printed from electrolytic- 
iron electrotypes prepared by a process developed by Klein cl7 * 21) 
in 1869. The properties of the iron prepared by Klein’s method 
were described by Lcnz< 231 in 1871. Following a visit to the 
laboratories of the Russian Mint, Roberts- Austen <ay) in 1887 
gave further details of the Klein process. Other early work 
on the preparation of electrolytic iron is that of Beetz, tl ~‘ who 
prepared material for magnetic tests in 1860, and Kramer/ 141 
who in 1861 prepared, from a ferrous chloride electrolyte, iron 
which he stated was sufficiently soft to be cut with a knife. 
Varrentrapp™ in 1868 experimented with a mixed ferrous 
chloride ferrous sulphate electrolyte. Classen and von Reis t;{2) in 
1881 developed a method for the determination of iron by electro- 
deposition. The early work on the preparation of iron by 
electrodeposition was reviewed by Volger C2U> in 1874, Roberts* 311 
in 1875, Guillct <304; in 1915, and Eseard c<w in 1919. 

In developing processes for the preparation of electrolytic 
iron the production of material of the highest purity possible 
has not always been the aim. Where it has been the intention 
to develop a process for “ steel facing” electrotypes, building up 
undersized or worn parts of machinery, or manufacturing iron 
tubes or iron sheets, etc., freedom from such defects as gas pits, 
non-uniformity, and non-adherence has been the goal, rather 
than freedom from impurities. When a process was developed 
with the intent or hope of use on a commercial scale, economic 
considerations required the use of high current density with 
high current efficiency and a long-lived bath, even though the 
conditions thus imposed were incompatible with the attainment 
of the highest purity. In evaluating processes of electrodeposi- 
tion the order of merit necessarily depends upon whether the 
criterion is excellence of physical structure, economy of operation, 
or purity of product. 

In addition to the references cited throughout the text, infor- 
mation regarding the electrodeposition of iron is contained in 
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books on electroplating, particularly in the books by Sehl6tter, (222) 
Pfanliauser, C4S4 ' 9S6) Hughes, (517) and Blum and Hogaboom. (548) 
Hughes, U87) in an excellent review of the electrolytes proposed 
for the deposition of iron, found that the aqueous solutions used 
could, with few exceptions, be divided into three groups, namely 

(1) those in which iron was present in the form of ferrous sulphate, 

(2) those with iron present as ferrous chloride, and (3) those with 
both sulphate and chloride present. This convenient classifica- 
tion will be used here in considering the methods which have been 
suggested for the preparation of electrolytic iron. 

2. Ferrous Sulphate Baths. — The process developed by Klein 
for “steeling” electrotypes was satisfactory, the original process 
or the modification of it by Maximowitseh Cl33) in 1905 having been 
used at the Russian Mint, according to Escard, C397) at least up to 
the time of the revolution in 1917. In addition to the informa- 
tion published by Jacobi* 21) and Klein* 17) and contained in British 
patent 2,456 of 1869, descriptions of the process have been given 
by Roberts- Austen* s0) and by Haber. (79) The electrolyte was 
an aqueous solution containing 5 g. each of ferrous sulphate and 
magnesium sulphate per liter. Bags of magnesium carbonate 
were suspended in the bath to keep it neutral. The principal 
drawback to the process was the low current density permissible, 
0.1 to 0.2 amp. per sq. dm. (0.9 to 1.9 amp. per sq. ft.), which 
resulted in very slow deposition. Haber™ stated that six weeks 
were required to obtain a deposit 2 mm. in thickness; and H that the 
deposits had a tendency to peel unless a rotating cathode was 
used, which also permitted use of higher current densities, up 
to 0.42 amp. per sq. dm. (3.9 amp. per sq. ft.). 

MaximowitBch, (188) who worked with Klein, described a 
modification of the Klein electrolyte which he stated gave 
deposits more suitable for printing plates than those from the 
original Klein bath, being tougher and less brittle. The modified 
bath was prepared as follows: a 6-liter vessel was filled with a 
solution which contained 200 g. of ferrous sulphate crystals and 
5 g. of Epsom salts per liter. Two iron anodes, 20 X 15 cm., 
were suspended in the electrolyte; between them was the cathode, 
a copper plate lightly silvered and iodized to facilitate removal of 
the deposit. Twenty-five g. of sodium bicarbonate were added 
to the solution, causing the formation of a voluminous precipitate 
which gradually settled, leaving the solution clear. At the same 
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time a yellow scum, which formed on the surface of the electro- 
lyte, gradually oxidized to a brown film which protected the bath 
from further oxidation. During the course of the electrolysis 
20 to 25 g. of bicarbonate were added twice weekly until l HO g. 
of the salt had been added. A current density as high as 0.0 amp. 
per sq. dm. (5.0 amp. per sq. ft.) could be used but the best 
results were obtained with 0.3 amp. per sq. dm. (2.8 amp. per 
sq. ft.). The low current density permissible with this bath 
limited it to uses where the rate of deposition was not an impor- 
tant item. Eventually the bath deteriorated; however, Maxi- 
mo wits eh found that passing pure carbon dioxide through the 
solution would restore its former excellence and permit the bath 
to be used for long periods of time. 

Maximowitseh stated that smooth flexible deposits, free from 
gas pits and nodules and having a tensile strength of 5180 kg. per 
sq. cm. (73,700 lb. per sq. in.) could be obtained from this bath. 
Although Pfanhauser <4H,l » **■ <H5U) was not successful in obtaining 
flexible deposits, Ryss and Bogomolny <149) and IIughcH ua7) con- 
firmed the statement of Maximowitseh. Ryss and Bogomolny 
found the bath satisfactory for the production of thick, homogene- 
ous deposits of iron. Addition of both magnesium sulphate and 
sodium bicarbonate to the ferrous salt was necessary to obtain 
satisfactory deposits; addition of either one alone did not suffice. 

Iron, deposited from electrolytes containing magnesium salts, 
such as the Klein or Maximowitseh solutions, contained an 
appreciable amount of magnesium, according to Lee. nm,t This 
observation was confirmed by K reman n, and Lorber (SW7> who 
found that iron deposits, which contained as much as 3 per cent 
of magnesium, could be obtained. According to modern ideas, 
this magnesium must have been present in the form of magnesium 
salts; metallic magnesium could not be present in electrolytic 
iron, at least in any such amounts. 

A solution of ferrous sulphate, saturated at room temperature 
but used at 90°C. (195°F.) with a current density of 2 amp. per sq. 
dm. (18.6 amp. per sq. ft.), was preferred by Lee, (iy(>) The addi- 
tion of about 2.5 g. of sulphuric acid per liter was recommended. 

In German Patent 308,543, February 7, 1908, Schlotter pro- 
posed an electrolyte which contained 150 g. of ferrous sulphate 
and 100 g. of sodium sulphate per liter and was used at 100°( k 
(210°F.) with a current density of 2.1 amp. per sq. dm. (20 amp. 
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per sq. ft.)- Free acid was neutralized with sodium carbonate. 
Hughes (437> criticized the process as likely to give trouble because 
of excessive evaporation at the temperature specified. Also, if 
the electrodeposition was not continuous, difficulty was caused 
by the crystallization of salts when the bath cooled. 

3. Ferrous Ammonium Sulphate Baths. — Neuburger stated^ 1241 
that ho and von Klobukow deposited iron, for analytical purposes, 
from a ferrous sulphate solution which contained ammonium 
oxalate. An item of interest in connection with their work is 
Neuburger’s statement that the deposited iron would not rust, 
even though kept under conditions most favorable for rusting. 

Iloepnor and Klie, whose work was reported by Arndt, (2B2) 
prepared electrolytic iron from a solution containing 308 g. of 
ferrous sulphate and 50 g. of ammonium sulphate per liter of 
water. A current density of 3 amp. per sq. dm. (28 amp. per 
sq. ft.), bath temperature of 70 to 80°C. (160 to 175°F.), and 
bath voltage of 0.75 volt were used. 

Electrodeposition as a means of preparing “pure” iron for 
use in standardizing permanganate solutions was studied by 
Sknibal. a,2 * 12C) lie prepared purified ferrous ammonium sul- 
phate; by recrysiallization from acid solutions, also by neutralizing 
ferric ammonium sulphate solution with ammonium carbonate 
and boiling. The precipitate which formed, after filtering and 
washing, was dissolved in pure sulphuric acid. Ammonium 
sulphate was added to the solution and the ferric salts were 
reduced by electrolysis between platinum electrodes. The 
ferrous salt was then twice reerystallized or was fractionally 
precipitated with alcohol. A solution of this purified salt was 
electrolyzed with platinum electrodes, and the cathode of 
deposited iron was subsequently made the anode in a second 
electrolysis. No analysis of the product was given. 

In another paper Skrabal (l2B) reported that two forms of 
electrolytic iron could be produced. One form, which he called 
A -iron, was obtained from a ferrous salt solution with an iron 
anode, low voltage, and low current density. The product was 
silver-white in color, compact, and extremely hard. The second 
typo, BAnnif was prepared with a platinum anode in an electro- 
lyte; containing ferrous iron in a complex form, with high voltage, 
and high current density. This form of electrolytic iron was 
greyish in color and was less compact and less hard than A -iron. 
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Since the conditions of deposition could be varied at will, a 
variety of kinds of electrolytic iron was possible with properties 
more or less similar to A -iron or ZMron, according to Skrabal. 
He considered that a difference in structure was responsible for 
the differing types of iron and that the softening of electrolytic 
iron upon annealing was due to a change in structure, tins loss of 
hydrogen being incidental and not, as is generally supposed, the 
cause of the change in properties. 

4. Work of Burgess and Hambuechen. Burgess and Ha.ni- 
bueohen Cl20> are credited with being the first to produce electro- 
lytic iron in quantity. Publication in 1904 of tins results of their 
investigation gave a decided impetus to large-scale production. 
The electrolyte was a solution of ferrous ammonium sulphate, 
stated by Johnston* 728 * to contain 275 g. of this salt per liter of 
water. Muller <lwo) used baths containing 15, 30, and 50 per cent 
by weight of ferrous ammonium sulphate and found tint 30 per 
cent solution the most satisfactory. The conditions specified 
by Burgess and Hambuechen were: current density 0.05 to 
0.86 amp. per sq. dm. (6 to 8 amp. per sq. ft.) at the cathode, 
slightly less at the anode, bath voltage less than 1 volt, bath 
temperature 30°C. (85°F.). The rate of deposition was 1 g. per 
watt-hr. or 2.2 lb. per kw-hr. They were able to make continuous 
runs of four weeks, the deposit reaching a thickness of Jhj in.; the 
electrolyte could be kept in good condition for at least two 
months. Information as to the acidity of the bath was not given 
in their paper. Hughes* 487 * stated that he was able to got good 
results with their process only when the bath was maintained 
slightly acid. In addition to Muller and Hughes, Lee, tlW) 
Amberg,* 172 * 204 * Pfaff,* ltt8) and Ryss and Bogomolny fum investi- 
gated the method of Burgess and Hambuechen. 

6. Work of Amberg and of MacFadyen.- -The purpose of 
Amberg's work* 172 * was the preparation of 1 kg. of pure iron a 
week for scientific uses. He used as electrolyte solutions of 
ferrous ammonium sulphate with concentrations from 15 to 45 g. 
of iron per liter and finally adopted a concentration of 26 g. of 
iron per liter as giving the best results. His anodes were two bars 
of Krupp iron covered with linen bags and laid in the center of a 
stoneware tank which had a capacity of 30 liters. Two cathodes 
of either copper or sheet iron were hung one on each side of the 
anodes. The electrolyte was covered with a layer of paraffin to 
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furnish protection from oxidation. The current density used 
was from 0,2 to 0.65 amp. per sq. dm. (1.9 to 6 amp. per sq. ft.); 
with the higher current density agitation of the electrolyte was 
necessary. The temperature of Amberg’s electrolyte was not 
stated in his paper but Tucker and Schramm C226) assumed that 
it was room temperature. To improve the purity of his product 
Amberg re-electrolyzed, using the cathodes from the first electrol- 
ysis for anodes in the second. He gave no analysis of his product 
other than the statement that it was over 99.9 per cent pure. 
He concluded that absolutely pure iron could not be obtained 
eiectrolytically, since the deposit can inclose two kinds of sub- 
stances: particles of the electrolyte and colloidal impurities from 
the anode. Tucker and Schramm <220) investigated Amberg’ s 
process and found it superior, from the standpoint of workability 
and physical character of the deposit, to Kern’s sulphate bath 
and to the Maximowitsch modification of Klein’s bath but inferior 
to the chloride bath of Kern. 

MaeFadyen (40fi) used a ferrous ammonium sulphate solution 
as an electrolyte from which to deposit iron for “ building up” 
purposes. Good physical properties are essential in iron 
deposited for this purpose, smoothness, adherence, and homo- 
geneity being of paramount importance. Although MacFadyen 
was interested primarily in these properties rather than in the 
purity of the iron, his results are of value in any consideration 
of the sulphate bath. 

The concentration of the bath, he found, could be varied 
between wide limits and yield satisfactory deposits, but a con- 
centrated solution allowed the use of a higher current density and 
speeded up the rate of dej)osition. However, with concentrations 
between 100 and 300 g. of ferrous ammonium sulphate per liter 
there was somewhat more pitting than with concentrations 
between 50 and 100 g. per liter or between 305 and 410 g. per liter 
(saturation)- The latter range of concentration allowed the 
use of current densities up to 1.7 amp. per sq. dm. (16 amp. per 
sq. ft.) as against a maximum permissible current density of 
0.54 amp, per sq. dm. (5 amp. per sq. ft.) for concentrations below 
300 g. per liter. The baths in all cases were operated at room 
temperature. 

In his acidity experiments MacFadyen worked with a solution 
containing 350 g. of ferrous ammonium sulphate per liter and 
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found that increased acidity decreased the current, efficiency 
from about 98 per cent at an acidity of 0.001 N, to 95 per cent 
at 0.005 N and 90 per cent at 0.01 N. Acidities of from 0.008 N 
to 0.03 N gave satisfactory deposits with the bath at room 
temperature; with the bath at 60°C. (140°F.) acidities of from 
0.01 N to 0.02 N were preferred. 

With concentrated solutions the current density that could be 
used depended upon the temperature of the bath, the maximum 
value, measured in amp. per sq. ft., being always slightly higher 
than the temperature, stated in °C., up to 50° ( (1 20°K.). 

Above that temperature the employable current density rose 
rapidly. 

A summary of the preferred conditions for a ferrous ammonium 
sulphate bath according to MacFadyen, is: concentration, 850 g. 
per liter; acidity, 0.01 N to 0.02 N; temperature, 60°C. (140°1<\); 
current density, 6.4 to 10.7 amp. per sq. dm. (GO to 100 amp. per 
sq. ft.). As cleanliness of the cathodes is essential for good 
adherence, MacFadyen included in his paper his method of 
cleaning them, also his methods of testing for adherence. 

6. Comparisons of Sulphate Baths. A scries of papers pub- 
lished by Watt (41) in 1887 -1888 gave results of his investigation 
of the suitability of 44 different electrolytes for the deposition of 
iron. Both organic and inorganic salts of iron were used. Watt 
concluded that Die following salts, given in the order of his 
preference, were satisfactory for the plating of iron : 

1. Ferrous ammonium sulphate 

2. Ferrous sulphate and magnesium sulphate 

3. Ferrous sulphate and ammonium chloride 

4. Ferrous sulphate 

Ryss and Bogomolny (,40) could not get satisfactory results with 
the sulphate bath when used at elevated temperatures and 
recommended a bath composed of 70 g. of ferrous ammonium 
sulphate per liter, to be used at room temperature with a current 
density of 0,5 amp. per sq. dm. (4.7 amp. per sq. ft.). 

Electrolytes containing ferrous sulphate, ferrous sulphate plus 
sodium sulphate, and ferrous chloride plus sodium chloride were 
investigated on a laboratory scale by Kern. (l7y) The ferrous 
sulphate solution contained 400 g. of the crystallised salt per 
liter, equivalent to an iron content of about 80 g. per liter. 
Currents of 1.1 to 2.2 amp. per sq. dm. (10 to 20 amp. per sq. ft.) 
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wore used, requiring potentials of 1.15 to 1.4 volts at 20°C. (70°F.) 
and 0.8 to 0.98 volt at 50°C. (120°F.). 

The ferrous sulphate sodium sulphate solution contained 800 g. 
of ferrous sulphate and 210 g. of Glauber's salt per liter, equiva- 
lent to an iron content of about 60 g. per liter and a sodium 
content of about 80 g. per liter. At current densities of 1.1 to 
2.2 amp. per sq. dm. (10 to 20 amp. per sq. ft.) the potentials 
required were from 0.95 to 1.2 volts at 20°C. (70°F.) and from 
0.6 to 0.8 volt at 50°C. (120°F.). Kern found that the deposits 
from these two sulphate baths were about equal in quality; both 
were smoother than the deposits from the chloride bath but 
were of less desirable structure, being harder and more crystalline. 
Hence Kern preferred the chloride electrolyte. 

Muller c 19 (i) investigated the Maximowitsch bath and the 
Burgess and Hambuechen bath. With the former a current 
density of 0.5 amp. per sq. dm. (4.7 amp. per sq. ft.) was the 
maximum that would give good results, although 0.8 amp. per 
sq. dm. (7.4 amp. per sq. ft.) could be used with the latter at 
room temperature, which he found preferable to a higher tempera- 
ture. The deposits from the sulphate electrolytes contained 
total impurities as high as 0.10 per cent and sulphur as high as 
0.01 per cent, the sulphur content in one case being higher than 
that of the anode iron. Muller concluded that the sulphate bath 
was useless where deposits containing little or no sulphur were 
desired. Pfaff (198) stated that, while Muller's conclusions might 
be true for iron deposited under his conditions, they did not hold 
for electrolytic iron from sulphate baths in general. Pfaff 
obtained iron from a sulphate electrolyte with a sulphur content 
as low as 0.00018 per cent, and concluded that the sulphur content 
of iron deposited from ferrous sulphate electrolytes never reached 
0.001 per cent. Although most workers with the sulphate bath 
have not obtained the high sulphur contents reported by Muller, 
it usually has been above the maximum set by Pfaff. Hughes (437) 
expressed doubt that Muller's results proved that the sulphate 
bath was inferior to the chloride for the preparation of “pure" 
iron. A peculiarity of Muller's iron was its unusually high carbon 
content; from an anode having 0,075 per cent carbon, he obtained 
electrolytic iron with 0.072 per cent carbon. In another experi- 
ment the iron produced contained 0.069 per cent carbon although 
the anode material had but 0.035 per cent. This was despite 
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the fact that the anodes were contained in porous cups which tend 
to prevent migration of carbonaceous material to the cathode. 
Muller's excessively high carbon and sulphur contents, as com- 
pared with those obtained by other workers who used similar 
solutions and conditions, raise doubt as to the accuracy of his 
analytical methods. 

Pfaff C210> investigated the methods of Merck (chloride), 
Burgess and Hambuoehon, and Lee. Of the three, he preferred 
Lee's sulphate bath but obtained better results by working it at 
70°G. (160°F.) than at the temperature Lee preferred, 90°(3. 
(195°F.). Pfaff did not see any advantage in replacing ferrous 
sulphate with the more expensive ferrous chloride as with tins 
latter salt he did not obtain such uniform deposits as with the 
sulphate. His best results were obtained with a 2 N ferrous 
sulphate solution that was 0.01 N with respect to sulphuric, acid. 
The bath was used at 70°C. (100°F.) with a current density of 
2 amp. per sq. dm. (18.6 amp. per sq. ft.). Ho stressed tins 
importance of acidity and found that with decreasing iron content 
in the electrolyte the deposits became less dense and homogene- 
ous. To remove hydrogen bubbles ho blew a stream of air 
against the cathode, a procedure criticized by Hughes* 4:171 as 
productive of oxidation. 

7. Effect of Operating Conditions. — -The effect of conditions 
of deposition on the current efficiency and on the properties of 
the deposited .metal was studied by Lee. ciy0) For sulphate baths 
operated at a current density of 1.6 amp. per sq, dm. (15 amp. 
per sq, ft.), Lee found that increasing the temperature of the 
bath increased the current efficiency, improved the structure, 
and decreased the hydrogen content of the deposited metal, as 
is shown in the following results: 


Ferrous Sulphate Elbotuolytk, 2.2 to 2.3 N 


Tempo 

°C. 

rature 

°F. 

Hydrogen in 
deposit, per cent 

Current, oflfi- 
rienry, per cent 

18 

65 

0.085 

32 

37 

100 

0.039 

43 

55 

130 

0.024 

01 

75 

165 

0.0090 

83 
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At a constant bath temperature, the hydrogen content of the 
iron decreased during the course of the electrolysis, each succes- 
sive layer of iron containing less hydrogen than the preceding 
layer, as the following results illustrate: 


Ferrous Sulphate Electrolyte at 37°C. (100°F„) 


Time of Deposition, 
Mr. 

2.5 

3 

4 

5 

6 


Hydrogen Content of 
Iron, Per Cent 
0.061 
0.053 
0.043 
0.039 
0.036 


Increasing the current density increased the rate of deposition 
but also increased the hydrogen content. Iron deposited from a 
ferrous sulphate solution at 37°C. (100°F.) with a current density 
of l.G amp. per sq. dm, (15 amp. per sq. ft.) had a hydrogen 
content of 0.033 per cent; with a current density of 3.2 amp. per 
sq. dm. (30 amp. per sq. ft.), the hydrogen content was 0.053 per 
cent. 

With increase in acidity of the solution, within certain limits, 
the deposits showed better adherence and less tendency to 
exfoliate; the hydrogen content was lowered but the current 
efficiency was greatly decreased, as is shown by the following 
results : 


Ferrous Sulphate Electrolyte, 
2.2 to 2.3 N at 37°C. (100°F.) 


Acidity 

Current efficiency, 
per cent 

Hydrogen content, 
per cent 

0.01 N 

89.1 

0.077 

0.05 N 

52.0 

0.053 

0. 10 N 

17.7 

0.034 


The effect of variation of hydrogen ion concentration, current 
density, and temperature on the hardness of electrodeposited 
metals was investigated by MacNaiighton. <570) He found that 
the general effect of an increase in acidity was to cause an increase 
in hardness, as is shown by the following results from a ferrous 
ammonium sulphate electrolyte (75 g. per liter) used at room 
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temperature with a current density of 0.5 amp. per sq, dm. 
(4.7 amp. per sq. ft.) : 

Hydrogen ion concentra- 
tion, pH range 5.7 to 5.5 4.5 to 4 .2 3 . 8 to 3 . 0 3 . 5 to 3 , 3 

Brin oil hardness. 140 107 to 195 225 to 244 250 to 281 

The hydrogen ion range of 5.7 to 5.5 was obtained by addition 
of ferrous carbonate, the others by addition of sulphuric acid. 
By use of a more concentrated electrolyte (325 g. of ferrous 
ammonium sulphate per liter) higher current, densities could be 
used. The effect of increasing the current density was to increase 
the hardness of the iron : 


Current density, amp. per sq. ft 

5 

10 

15 

20 

Potential difference, volts 

0,52 

0.72 

0. 90 

1 . 20 

Brinell hardness 

182 

229 | 

283 

354 


The above results were obtained with the bath at 19°C. (65°F.). 
With the bath at 41°C. (105°F.) and with a current density of 
5.4 amp. per sq. dm. (50 amp. per sq. ft.), iron with a Brinell 
hardness of 240 was obtained. The FischeivLanghein bath 
(chloride), operated at 95°C. (205°F.) with a current density of 
10.7 amp. per sq. dm. (100 amp. per sq. ft.), yielded deposits 
which had a Brinell hardness as low as 180. 

MaeNaughton concluded that increase in hydrogen ion con- 
centration and current density tended to harden the deposits, 
whereas increase in bath temperature tended to soften, them, 
and that by judicial adjustment of these factors iron deposits 
could be obtained of various degrees of hardness ranging from 
140 to 360 Brinell. Microscopic examination of the deposits 
indicated that hardness was associated with fineness of crystalline 
structure. 

8. Summary of Work with Sulphate Baths.— Electrolytic 
iron has been produced from sulphate baths by a number of 
investigators. Solutions of ferrous sulphate were used in the 
early investigations, but the limited solubility of this salt so 
restricted the permissible current density that the deposition 
of iron was exceedingly slow. Additions of magnesium sub 
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phate, sodium bicarbonate, sodium sulphate, ammonium oxalate, 
and ammonium sulphate improved the electric efficiency of the 
ferrous sulphate electrolyte but tended to contaminate the 
deposited iron. Better success seems to have been obtained 
from solutions of ferrous ammonium sulphate than from the 
other sulphate baths ; a solution of this salt was used by Burgess 
and Hambucchen, who were the first to produce electrolytic iron 
in quantity. The selection of electrolyte and of operating condi- 
tions varied with different investigators and was largely depend- 
ent upon the aims of the investigation, which were either to 
produce iron of the utmost purity, or to produce large amounts of 
electrolytic iron of reasonable purity, or for various electroplating 
uses such as the building up of worn parts or the coating of 
printing plates. Essential details of a number of these sulphate 
solutions are summarized in Table 1. 

Advantages of the sulphate baths, in general, include the use 
of a cheap electrolyte; possibility of operation at relatively low 
temperatures; and low susceptibility to oxidation of both the 
bath and the deposited iron. The product from the sulphate 
baths is comparable in purity with that from chloride baths; 
iron in which the total of fixed impurities was considerably less 
than 0.1 per cent, according to the reported analyses listed in 
Table 3 (page 29), has been produced from both types of baths 
but sufficient data are not available for the accurate estimation 
of the optimum purity obtainable or of the average purity that 
may be expected. Many investigators were more interested in 
the physical properties than in purity of product; consequently 
analyses were not made. In other cases determinations of only a 
limited number of impurities were made. It has been rather 
common practice to subtract the sum of the determined impurities 
from 100 per cent, and to call this difference the iron content or 
the “purity” of the material. To the authors it does not appear 
that this practice is permissible for electrolytic iron, since in 
practically all cases the analyses are incomplete. For this reason 
the analyses in Table 3 are summarized as “Total Fixed Impuri- 
ties Determined” rather than as purity of the product. Atten- 
tion is called to the analysis of open-hearth ingot iron (page 72) 
which shows that a number of elements ordinarily disregarded 
in the analysis of ferrous materials may be associated with iron 
in detectable amounts. 



Table L— Sulphate Solutions fob the Electrodeposition of Iron 
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1908 'F«rom sipbie, 300 g„ phs saditan ‘ HiSOi to dear 1 . 1 to 2-2 10 to 20 20a&d-50 s C. Depart good bit inferior to ch2*:-rid« 

; sulphate, 210g. per liter ; i ; <70 and 13CFF.;-- ifepoat 

1910 : Ferrous sulphate, 2 X . 0.01X 2 \ 1S.6 TOT. tea csstaHsg less tbn 0.001 per ceal 
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The requirements for the production of electrolytic iron of 
utmost purity, which differ markedly from requirements for 
quantity production, have been summarized by Escard C397) as 
follows : Anodes must be of the purest obtainable iron, should be 
cleaned at frequent intervals, and should be surrounded, when 
in use, with porous cups; the cathode must be carefully freed 
from grease and scale; the electrolyte must be free from carbon 
compounds and must be renewed daily; the bath should be 
protected against oxidation; the current density must not be 
too high; and both the electrodes and the electrolyte must 
be stationary. 

On the other hand, a successful process for quantity production 
necessitates the use of high current densities at high current 
efficiencies. These requirements arc fulfilled by rotation of the 
cathode at a speed determined by the current density used, by 
circulation of the anode electrolyte, and by careful control of 
temperature and concentration of the bath and of the voltage 
and current density. The presence of free acid in the electrolyte 
produces a tendency toward exfoliation of the deposit; the bath 
should withstand extended use without renewal. 

B. AQUEOUS ELECTROLYTES: CHLORIDE BATHS 

9. Chloride Solutions. — In 1861 Kramcr (14) eloctrodeposited 
iron from a ferrous chloride solution and obtained a product 
which was sufficiently soft to be cut with a knife, in contrast to 
the hardness usually associated with unannealed electrolytic iron. 

In an attempt to prepare sulphur-free iron for use in the Marsh 
test, Thiele (02j electrolyzed, with platinum electrodes, a ferrous 
chloride solution containing 400 g. of anhydrous ferrous chloride 
per liter of water. This solution was x>reviously digested with 
the purest iron obtainable to precipitate the baser metals. 
Barium chloride was then added to precipitate any sulphate 
present. After filtering, 50 cu. cm. of glacial acetic acid per liter 
of solution were added. As the iron obtained oxidized easily, 
it was quickly washed with water, alcohol, and ether and dried in 
vacuum over sulphuric acid. Despite his precautions, Thiele 
found that from 0.0048 to 0.0075 per cent of sulphur was present 
in the iron. 

The investigation of Hicks and 0 ? Shea (66) attempted to 
produce for scientific uses iron as free as possible from impurities. 
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Because of the possibility of sulphur contamination with the 
sulphate bath, a chloride electrolyte was chosen. When a 
ferrous chloride solution containing no other salts was used, a 
slimy precipitate soon coated the cathode. Addition of hydro- 
chloric acid prevented this precipitation but caused gas evolution 
and pitting; addition of ammonium chloride in the proportion of 
two molecules of the ammonium salt to each molecule of ferrous 
chloride prevented the formation of the precipitate and allowed 
the bath to be worked in the neutral condition. It was con- 
cluded that the presence of acid was harmful, a conclusion with 
which Hughes* 4375 seems both to agree and to disagree.* A 
current density of 0.15 to 0.17 amp. per sq. dm. (1.4 to 1.0 amp. 
per sq. ft.) was the maximum that could be used with satisfactory 
results. The cathode was a carefully cleaned copper sheet hacked 
with glass. The combined action of air and electrolyte at the 
point where the cathode entered the solution caused solution of the 
copper, which then precipitated on the neighboring iron deposit. 
Painting all parts of the cathode, except where the iron was to be 
deposited, prevented this contamination. The carbon from the 
anode settled to the bottom of the cell as a black sludge but 
the sulphur of the anode oxidized and dissolved. To prevent the 
accumulation of sulphur in sufficient quantity to contaminate the 
deposit, the anode liquor was discarded twice daily and the anode 
compartment (a porous pot) was refilled with fresh electrolyte 
which had been shaken with powdered iron to reduce any ferric 
salt. Use of an automatic scraper to remove gas bubbles and 
thus avoid formation of gas pits was not successful. Micks and 
O'Shea suggested that automatically raising the cathode from 
the solution at frequent intervals would cause the hydrogen 
bubbles to break and thus solve the difficulty although Watt* 415 
had previously questioned the value of this procedure on account 
of the atmospheric oxidation which ensues therefrom. Hicks 
and O'Shea* 665 stated that their own analyses and those of 
Prof. Arnold showed that sulphur was not present in deter- 
minable amounts but that a trace of chlorine and some occluded 
gases were present in the iron. 

Merck patented a process of iron deposition (German Patent 
126,839, February 12, 1900), the salient points of which were the 

* The agreement is discussed on page 188, the disagreement on page 1 99, 
of Hughes’ article. 
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use of a concentrated ferrous chloride solution at a temperature 
of at least 70°C. (160 P F.) with either a moving cathode or agita- 
tion of the electrolyte. A current density of 3 to 4 amp. per sq. 
dm. (28 to 37 amp. per sq. ft.) was recommended. Pfaf£ (219) 
tested this solution with unsatisfactory results, such as non- 
adherence and gas pitting or treeing, depending upon the acidity. 
Due to the high temperature and ensuing loss of water by 
evaporation, frequent additions of water were necessary, causing 
sudden changes in temperature and stirring up the anode sludges. 

A ferrous chloride electrolyte recommended by Ryss and 
Bogomolny <:u9) was composed of equal weights of ferrous chloride 
crystals and water. This gave good results when used at a 
temperature of 60 to 70°C. (140 to 160°F.) with a current density 
of 0.4 amp. per sq. dm. (3.7 amp. per sq. ft.). They found it 
preferable to raise the current density gradually to a maximum. 

The chloride electrolyte used by Kern (179) contained 285 g. 
of crystalline ferrous chloride and 102 g. of sodium chloride per 
liter of solution, equivalent to an iron content of about 8 per cent 
and a sodium content of about 4 per cent. The addition of 1 part 
of concentrated hydrochloric acid to each 100 parts of electrolyte 
was necessary to prevent formation of a precipitate. The 
presence of the acid caused liberation of hydrogen, which, 
together with the formation of ferric salts by atmospheric 
oxidation, resulted in comparatively low current efficiency 
(93.45 per cent). Kern suggested that a covering of vaseline 
or paraffin on the bath would prevent formation of ferric salts by 
oxidation, thus removing the necessity for the presence of acid 
and permitting the bath to be used more nearly neutral with 
consequent better current efficiency. In the discussion of his 
paper, Kern stated that increase of the sodium content to 7 per 
cent resulted in better deposits. Of the six baths tested by 
Tucker and Schramm <226) the ferrous chloride sodium chloride 
bath of Kern gave the best results. They found the best 
temperature range for this bath to be between 50 and 70°C. (120 
and 160°F.). 

A ferrous chloride electrolyte containing 300 g. of ferrous 
chloride per liter was preferred by Muller. C100) Lower concentra- 
tions resulted in split and stripped deposits, greater concentra- 
tions gave rise to blistered surfaces and increased gas pitting. 
As regards temperature, Muller is at variance with the majority 
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of workers with the chloride bath. He preferred to work the 
bath at room temperature, claiming that higher temperatures 
gave deposits which were non-hoinogeneous and which oxidized 
readily. He found the optimum current density to be 0.7 amp. 
per sq. dm. (6.5 amp. per sq. ft.). 

Vie (410) investigated both the sulphate and the chloride baths 
and preferred the chloride solution of the following composition: 
ferrous chloride 285 g., sodium chloride 102 g,, water to make 
1 liter. The bath was used at a temperature between 50 and 
70°C. (120 and 1(K)°F.) with a current density of 1.6 amp. per 
sq. dm. (15 amp. per sq. ft.). He stated that his product., winch 
was a gray, non-crystalline deposit, was over 99.9 per cent pun!, 
hydrogen being the only detectable impurity. 

10. The Fischer-Langbein Bath. The solution usually desig- 
nated as the Fischer-Langbein bath was developed largely by 
A. Fischer, a series of patents (U. S. Patents 992,951, May 28, 
1911; 992,952, May 23, 1911; 987,318, March 21, 1911; 

1,001,770, August 29, 1911; German Patents 212,994, 1908; 
228,893, 1909; 230,876, 1909) being grunted in the period from 
1908 to 1911 to cover the process. The bath was essentially an 
improvement of the one patented by Merck (Gorman Patent 
126,839, February 12, 1900); the improvement consisted princi- 
pally in the addition of a hygroscopic salt such as calcium, 
aluminum, or magnesium chloride, or a salt which forms a 
hygroscopic compound with ferrous chloride (sodium chloride 
for example). One of the recommended compositions and the 
one which is usually designated as “Fischer's electrolyte” was: 
ferrous chloride crystals 450 g., calcium chloride 500 g., water 
750 g. The presence of the hygroscopic salt allowed the use of a 
high temperature for deposition [90 to L10°C, (195 to 230" K.) is 
specified in one patent, 60 to 80°G. (140 to 175°F.) in another) 
without serious loss of water by evaporation. The high working 
temperature of the bath permitted the use of high current density 
(up to 20 amp. per sq. dm, or 186 amp. per sq, ft.) with corre- 
spondingly rapid deposition; it also caused high current efficiency 
to be obtained, as was shown by Lee, (1U0) The presence of the 
salt also seemed to inhibit to some extent the oxidation of the 
ferrous chloride. Because of the high current density employable 
and the high current efficiency obtained, the process is well suited 
to the commercial refining of iron. 
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Hughes (471 ’ 472) made a thorough investigation of the ferrous 
chloride calcium chloride bath and stated that it was one of the 
best available for the deposition of iron. Hughes found that it 
was necessary, after dissolving the salts, to slum off the froth and 
to filter or to siphon after settling. Glass, porcelain, or enameled 
iron was suitable for a container. The current density employ- 
able depended upon the temperature. The bath could not be 
worked at room temperature but current densities up to 26 amp. 
per sq. dm. (240 amp. per sq. ft.) could be used at 90°C. (195°F.) 
and up to 31 amp. per sq. dm. (288 amp. per sq. ft.) at 110°C. 
(230°F.). The addition of acid reduced the cathode efficiency 
and made the deposit hard and brittle with outgrowths and gas 
pits. Addition of a small amount of alkali improved the deposits, 
but sufficient alkali to cause formation of a precipitate was 
harmful. Neither agitation of the solution nor movement of 
the cathode was necessary. Under proper conditions of deposi- 
tion the iron was malleable, not brittle as electrodeposited iron 
usually is. Duisberg (26G) stated that the Fiseher-Langbein iron 
was very soft, being little harder than aluminum, with magnetic 
properties superior to those of silicon iron. Analyses of the 
product showed an iron content from 99.942 per cent, as given 
by Elmen in the discussion of Hughes’ C437) paper, to 99.995 per 
cent as reported by PfanhauserJ 484 ' 672) 

Kelson, in British Patent 306,151, February 16, 1928, proposed 
an electrolyte consisting of ferrous chloride and two other salts 
such as calcium chloride and potassium chloride, the combined 
weights of the two salts being greater than the weight of either 
necessary to cause saturation. 

The novelty of the electrodeposition process devised by 
Duhme (S523 lay rather in the design of the cell than in the electro- 
lyte, which was a modification of one of Fischer’s solutions 
(ferrous and magnesium chlorides). The cathode was a rotating 
solid cylinder, placed in the center of the cell. Surrounding it 
was a perforated cylindrical metal shell which acted as a second- 
ary cathode. Just outside this shell were the anodes of steel or 
cast iron. The area of the anodes was about four times that of 
the main cathode. In the bottom of the cell, sealed in glass 
tubes, were a number of permanent magnets to hold particles 
falling from the anodes and thus prevent contamination of the 
deposit by these anode particles. Air was blown against the 
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primary cathode to remove hydrogen bubbles. A small alternat- 
ing current flowed between the anodes and the secondary cathode; 
according to Duhme, this served to prevent contamination of the 
deposit by phosphorus. At the temperature used, slightly below 
100°C. (21Q°F.), a current density of 10 amp. per sq. dm. (93 amp, 
per sq. ft.) was used; the current efficiency was 92 per cent. 
Duhme’s analysis of his product showed an iron content (by 
difference) of 99.994 per cent. No mention was made of the 
magnesium content, although from the work of Lee (li>0 ' and of 
Kremann and Lorbor (307) the presence of this impurity would bo 
expected. 

11. Work at the National Bureau of Standards (U.S.A.) 
and the National Physical Laboratory (England) .--To prepare 
pure iron for scientific uses, Cain, Schramm, and Cleaves (, ' UU) 
at the National Bureau of Standards electrolysed a ferrous 
chloride solution, 250 to 300 g. per liter, made by dissolving 
ingot iron (99.78 per cent Fc) in pure hydrochloric, acid, the 
solution being prepared as nearly neutral as possible. The 
current density used was from 0.5 to 0.7 amp. per sq. dm. 
(4.7 to 6.5 amp. per sq, ft.), the bath being at room tempera- 
ture. Cylindrical anodes of ingot iron wore contained in porous 
cups, the resulting cathode deposit being somewhat lower 
in impurities than that obtained without the use of porous 
cups. Analysis of the anode sludge indicated an accumulation 
of copper and manganese in the anode cell. Sheet iron cathodes 
were used. Atmospheric oxidation resulted in the precipitation 
of basic ferric salts. Sealing the top of the cell with a glass plate 
and replacing the air by purified carbon dioxide did not improve 
the result, particularly as the carbon content of the product 
seemed to be higher when carbon dioxide was present above the 
bath. The material was undoubtedly contaminated to a slight 
extent by the basic salts but such impurities were largely reduced 
or volatilized in the subsequent melting operation. The total of 
fixed impurities in the iron prepared by this method was from 
0.024 to 0.026 per cent, of which 0.011 per cent was cobalt and 
nickel. Iron prepared on a somewhat larger scale with an 
electrolyte containing 233 g. per liter of ferrous chloride and 
103 g. per liter of sodium chloride, using a current density of 0.3 
to 0.4 amp, per sq. dm. (2.8 to 3.7 amp. per sq. ft.), contained 
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0.033 per cent of fixed impurities. In both cases the product, 
after washing, rusted badly. 

Tritton and Hanson (686) at the National Physical Laboratory, 
using the procedure of Cain, Schramm, and Cleaves, obtained 
a product which, they stated, was free from silicon, sulphur, 
phosphorus, and manganese and contained only a trace of 
carbon. They found it to have an oxygen content of 0.277 
per cent, however, due to rusting which they were unable to 
prevent, although the greatest care was taken in washing and 
drying the material. The study of the preparation of high- 
purity iron was continued at the National Physical Laboratory, 
but only meager scraps of information are available subsequent 
to the report of Tritton and Hanson. According to various 
annual reports from the National Physical Laboratory, dif- 
ficulty was encountered at one time or another from contamina- 
tion by oxygen, phosphorus, and sometimes by carbon. The 
annual report for 1931 contained the statement that production 
of high-purity iron in ingots of about 5 lb. had been reduced to a 
routine operation, but the report for 1932 stated that small but 
measurable quantities of nickel, cobalt, and chromium (from 
the anode material) had been* detected by spectroanalysis and 
that higher purity was desirable. According to recent informa- 
tion ( 1 0 4 4,1050j4 5 metal which contained 0.022 per cent nickel, 
0.006 per cent carbon, 0.003 per cent chromium, 0.001 per cent 
phosphorus, 0.0008 per cent copper, 0.0005 per cent silicon, 
and no sulphur and manganese was considered to be about the 
best obtainable by electrodeposition; hence the electrolytic method 
has been abandoned, for the production of iron of the highest 
purity, in favor of decomposition of the ferrous chloride by 
means of steam with subsequent reduction of the oxide with 
hydrogen. 

12. Effect of Operating Conditions. — The effect of varied 
conditions of deposition on the current efficiency and on the 
properties of the deposited metal was studied by Lee, cl90) who 
found, for chloride baths as for sulphate baths, that increasing 
the temperature of the bath increased the current efficiency, 
improved the structure, and decreased the hydrogen content of 
the deposited metal. For a bath 2.2 N with respect to ferrous 
chloride, an increase in temperature from 37 to 75°C. (100 to 
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165°F.) increased the current efficiency from 46 t o H2 per cent a.nd 
decreased the hydrogen content from 0.058 to 0.018 per cent. 
In a ferrous chloride bath maintained at a temperature of 3 7 M (b 
(100°F.) the hydrogen content of the deposited metal decreased 
progressively with time, from 0.076 per cent; in the metal 
deposited during the first two or three hours to 0.058 per cent in 
that deposited during the sixth hour. An increase in current 
density tended to increase the hydrogen content of the deposited 
metal. A decrease in concentration of ferrous chloride in 
electrolytes 0.05 .N with respect to hydrochloric acid decreased 
the hydrogen content of the iron deposited at a current density 
of 1.6 amp. per sq. dm. (15 amp. per sq. ft.) but also decreased 
the current efficiency, as follows: 


Temperatures 


Current ertieieney, per cent, m 
ferrous chloride electrolyte 


°c. 

°i*\ 

4.0 N 

2.3 N 

0.8 N 

18 

(55 

40.0 

21.0 

0.0 

37 

100 

40.3 

30.1 

12.7 

55 

130 

02.7 

40. 0 

21 . I 

75 

105 

81 .7 

04.0 

34 . 0 

Hughes (4ST) 

preferred 

l to use the 

chloride bath in 

the neut 


condition, with addition of alkali chloride to prevent oxidation, 
and considered unnecessary the use of organic salts or addition 
agents. 

In a study of the effect of conditions of deposition on the* hard- 
ness of the deposited metal, MaeNaughtoii t,,7U) found that 
acidification of a ferrous chloride electrolyte was accompanied 
by increased hardness of the deposited iron. The Brinell 
hardness of iron from a bath with no added acid was 199; addit ion 
of hydrochloric acid until the solution was 0.002 to 0.003 N with 
respect to hydrochloric acid, increased the Brinell number to 344. 

A recent refereneo <1(,: * l,J has been noted to an Austrian attempt 
to prepare “pure'-* iron by electrolysis of a filtered solution of 
ferrous chloride, with controlled current density and controlled 
temperature. The process was stated to be still in the experi- 
mental stage. 
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13. Other Investigations. — Hineline’s investigation 5 14) in 1923 
was to determine the best electrolyte and conditions to deposit 
iron successfully on irregularly shaped rubber articles. The bath 
suitable for such a purpose must have a high “ throwing” power 
so that crevices as well as raised surfaces of the object will be 
coated with iron. A ferrous ammonium sulphate bath was soon 
rendered useless by organic materials extracted from the rubber. 
The deposit from the Fiseher-Langbein bath pitted and corroded 
badly as did that from a simple ferrous chloride solution. Reduc- 
ing compounds as addition agents were tried, chromous chloride 
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Fig. 1. — Two-cornpartment cell for the electrodepoaition of iron. ( Hatta .< r,6B )) 

and hydroquinone giving the most satisfactory deposits. The 
following bath was finally selected as best for the purpose: 

To each liter of a solution of equal parts of ferrous chloride and calcium 
chloride, saturated at 30°C. (85°F.), were added 20 g. of chromous chloride 
and 5 g. of hydroquinone. This bath was used at a temperature between 
60 and 70°C. (140 and 160°F.); current densities as high as 8 amp. per sq. 
dm. (75 amp. per sq. ft.) could be employed. The acidity of the bath was 
about right if good grades of ferrous and calcium chlorides were used. 

The rubber articles were given a conducting surface by varnish- 
ing and coating with graphite. It was found necessary to 
“stop off” the raised surfaces with varnish until the deposit had 
formed in the crevices, when the raised surfaces were given a 
conducting coating and the deposition continued. 

With the belief that electrolytic iron, deposited free from 
hydrogen, would be sufficiently soft and flexible to permit strip- 
ping from the cathode without breaking, Hatta (5(J6) devised a cell 
utilizing anodic polarization for the removal of the hyd^gen. 
In its simplest form, as shown in Fig. 1, there was the anode A, 
the rotating cathode C (called the main cathode), and an auxiliary 
cathode D, Separators S of insulating material were fitted close 
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to the main cathode C and served to minimize the leakage of 
current from anode A through the electrolyte to auxiliary cathode 
D. The current entered the cell at A (total current) and passed 
through the electrolyte to that side of the main cathode C which 
was towards A . Part of the current left the cell directly from C 
(effective current), part went from C through the electrolyte to 
the auxiliary cathode D 7 where it left the cell (auxiliary current). 
A a and A L were ammeters; lio and li\ were variable resistances 
for controlling the current. Figure 2 illustrates a four-compart- 
ment cell having the main anodes A and the auxiliary cathodes I) 
in alternate compartments. A six-compartment cell, having 
three main anodes and three auxiliary cathodes, was also used 
by Hatta. 



As the main cathode C rotated, there was deposition of iron 
on the side towards A ; at the same time the side towards 1> 
acted as an anode and there was dissolution of part of the 
deposited iron with removal of hydrogen by the accompanying 
anodic polarization. Thus, the surface of the main cathode, as 
it rotated, underwent alternate cathodic deposition of iron ami 
anodic polarization for the removal of hydrogen. Under proper 
conditions, iron nearly free from hydrogen could be produced. 

As electrolytes, sulphate, chloride, and mixed sulphate chloride 
solutions were tried, the preferred solution containing ferrous 
chloride, 4.6 N (455 g. of FeCl 3 .4IIaO per liter) and sodium chlo- 
ride, 2.3 N (135 g. per liter). Potassium chloride or calcium 
chloride could be smbatitnted for the sodium chloride. Acidity 
between 0.005 N and 0.03 3ST was necessary with the chloride 
solution; sulphate solutions required an acidity of 0,05 N. The 
best working temperature for the chloride solution was 70°C. 
(160°P.). The total current was kept at about twice the effective 
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current. The relation between current density, speed of cathode 
rotation, and cycles per revolution was complicated. Using a 
main cathode 5 cm. in diameter and a current density of 2.5 amp. 
per sq. dm. (23 amp. per sq. ft.), Hatta found that with the two- 
compartment cell (one cycle per revolution), 900 r.p.m. were 
necessary to give a good product; with the four-compartment 
cell (two cycles per revolution) and with the six-compartment 
cell (three cycles per revolution) a speed of at least 600 r.p.m. 
was required. 

With Hatta’s process two types of electrolytic iron were pro- 
duced simultaneously, a practically hydrogen-free product on the 
main cathode and approximately an equal amount of ordinary 
electrolytic iron on the auxiliary cathode. The material from 
the main cathode had a hydrogen content of less than 0.0002 per 
cent, that from the auxiliary cathode contained 0.0108 per cent 
hydrogen. Hatta gave the following analysis of his product: 
carbon 0.036 per cent, silicon 0.002 per cent, sulphur 0.008 per 
cent, and traces of manganese, phosphorus, and arsenic. No 
analysis was given of the material used for anodes but, judging 
by the carbon content of the product, it was not particularly pure. 
The electrolytic iron deposited on the rotating cathode was 
sufficiently soft and flexible to permit its being stripped in sheets. 
Nevertheless, despite its low hydrogen content, its physical 
and magnetic properties did not approach those of “pure” iron 
until it had been annealed at 900°C. (1650°F.), indicating to 
Hatta that the deposited material was structurally different from 
annealed iron. His theory was that iron deposited in the 
presence of hydrogen had a structure different from the normal 
structure of “pure” iron, and that the removal of the hydrogen 
at ordinary temperatures, as by anodic polarization, did not 
change the structure to normal, annealing at 900°C. (1650°F.) 
being necessary to cause this change in structure. 

14. Summary of Work with Chloride Baths. — The conclusions 
of Escard (397) in regard to the varied requirements for the produc- 
tion of high-purity iron or for production on a commercial scale 
applied to chloride as well as to sulphate baths. Escard’s 
conclusions were discussed in a previous section on sulphate baths, 
and need not be repeated here. 

Available information regarding important chloride baths, for 
the laboratory preparation of electrolytic iron, is summarized in 



Table 2,— Chloride Solutions for the Electrodeposition of Iron 
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Table 2. Analyses of some of the iron produced from chloride 
baths are shown in Table 3. 


Table 3. — Reported Analyses of Laboratory Electrolytic Iron 




196 

0.0720 

0.0099 

0.0042 

0.0100 

0,0079 


0.1040 


196 

0.0690 

0.0078 

0,0058 

0,0039 

0.0070 


0.0935 

C. F„ Burgess 

349 

0.009 

0.003 

Trace 

Trace 

0.006 

0.006 On 

0.024 

C. F. Burgess 

141 

0.012 

None 

0.004 

None 

0.013 

0.072 H 

0.029 

C. F. Burgess 

141 

0.033 

1 

0.001 

0.020 

None 

0.003 

0.083 H ; 

0.056 


Chloride baths 



196 

0.023 

Nil 

0.004 


0 . 004 


0.031 


196 

0.0630 

0.0024 

0.0045 

0.0090 

0.0053 


0.0842 

Hicks and O’Shea 

66 

None 

None 

None 

None 

None 

Trace Cl; small 

Trace 








quantity of gases 



484 

0.0001 

0.0001 

0.0002 


0.0001 

0.0045 


Cain, Schramm, and Cleavca'j: 

349 

0.004 

0.002 

Trace 

Trace 

0.003 

0.006 Cu; 0.011 

0.026 








Ni + Co 


Cain, Schramm, and Cleavcs§ 

349 

0.004 

0.006 

Trace 

Trace 

O.OOS 

0.006 Cu; 0.011 

0.035 








Ni + Co 


Duhme|| 

552 

0.002 


0.001 

0.002 

0.001 


0.0051 

Hat ta|| 

565 

0.036 

0.008 

Trace 

Trace 

0.002 

0.0002 hydrogen 

0.046 


* Anode impurities 0.180 per cent, 
f Anode impurities, omitting slag, 0.095 per cent. 

$ With porous cup. 

§ Without porous cup. 

|| Special cell. 

Chloride baths, essentially aqueous solutions of ferrous 
chloride, have been used by a number of investigators, for the 
production of electrolytic iron. Additions of alkali or alkaline 
earth chlorides were frequently employed to decrease loss of 
water by evaporation and also to decrease oxidation of the 
electrolyte at the elevated temperatures necessary for efficient 
operation of the chloride bath. ’ Most of the advantages claimed 
for the chloride baths, in comparison with sulphate baths, were 
due to the higher concentrations of iron obtainable as a result 
of the relatively large solubility of. ferrous .chloride in water. 
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High concentrations of iron increase the conductivity of the bath 
to some extent but the effect is loss than that of small additions 
of the chlorides of sodium or calcium. On the other hand, the 
greatest electric efficiency for chloride baths is obtained only at 
relatively high temperatures, and both the bath and the deposited 
iron are unusually susceptible to oxidation. 

The purity of the product of chloride baths is comparable to 
that of sulphate baths, but again it is impossible to state* either 
the optimum purity obtainable or the averages purity which 
might be expected. Attention Is called to the fact that <kun, 
Schramm, and Clcavos< 34W are the only investigators of those 
cited, who reported the presence of nickel and cobalt in their 
electrolytic iron, and are the only ones who reported elimination 
of their product for the presence of these impurities. Such an 
amount of nickel and cobalt, if present in the electrolytic iron 
from other investigations, would constitute an appreciable 
addition to the total of impurities of these irons. 

C. OTHER AQUEOUS ELECTROLYTES 

15. Mixed Sulphate Chloride Solutions. Meidingeri 11 ' in 
1859 and Varrentrapp (t9) in 1868 proposed electrolytes composed 
of ferrous sulphate and ammonium chloride for use*, in “steeling" 
electrotypes, the presence of ammonium chloride, according to 
Varrentrapp, permitting more rapid deposition. An electrolyte 
containing 4 per cent of ferrous sulphate and 4 per cent of 
ammonium chloride was one of those used with satisfactory 
results by Burgess <2301 at the University of Wisconsin. This bath 
could be worked continuously for several months with a current 
density of 0.66 to 1.1 amp. per sq. dm. (6 to 10 amp. per sq. ft.) 
at a potential of 1 volt, the current efficiency being nearly 100 per 
cent. Deposits up to 2 in. in thickness were produced with a 
purity reported to be as high as 99.97 per cent. 

An electrolyte developed by Watts and had this following 
composition: ferrous sulphate crystals 150 g., ferrous chloride 
crystals 75 g., ammonium sulphate 120 g., ammonium oxalate 
6 g., and water to make 1 liter. The bath was used at room 
temperature with a current density of 1.07 amp. per sq. dm. 
(10 amp. per sq. ft.). Deposits from this bath were reported 
to be smoother than those from the sulphate bath and more 
rust resisting than those from simple chloride solutions. This 
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electrolyte was adopted by the Western Electric Company for 
use in the large-scale production of electrolytic iron for magnet 
cores as described in a subsequent section. Watts and Li gave 
no analysis of their product but Skowronski (582) stated that the 
material produced at the Western Electric plant had a purity of 
99.97 per cent. 

British Patent 119,200, April 26, 1918, was issued to Shepherd 
and Brazil, Straker and Company, for a bath consisting of 
ferrous sulphate, ammonium chloride, finely divided metallic iron, 
potassium bromide, and boric acid. This was intended for use 
in electroplating articles with iron. Arzano and Clerici (British 
Patent 114,305, February 26, 1918) proposed an electrolyte 
composed of 42 parts of ferrous sulphate and 50 parts of aluminum 
chloride dissolved in sufficient water to give a solution with a 
density of 30° Bd. This bath was to be used at a temperature of 
100 to 105°C. (210 to 220°F.). 

Hughes (437) compared the mixed chloride sulphate bath with 
the single chloride or sulphate baths and concluded that the 
mixed bath had no points of superiority over the single anion 
electrolyte and had certain disadvantages such as difficulty of 
control, not present in the simpler baths. 

16. Summary of Data on Mixed Sulphate Chloride Baths. — 
Electrolytes containing both chloride and sulphate have been 
criticized on the grounds of being difficult to control, but never- 
theless have been successfully employed for the production of 
electrolytic iron, in at least one case on something more than a 
laboratory scale. Details of some of the mixed sulphate chloride 
baths are summarized in Table 4. 

17. Other Aqueous Solutions. — Bottger C5) in 1846 used a 
bath of soluble Berlin blue (ferric ferrocyanide) which, he stated, 
gave good results for “steel facing.” Watt (41) found BottgePs 
bath inferior to the sulphate and chloride electrolytes. 

The ferrous sulphocresylate bath, used at first by Cowper- 
Coles, <175) was abandoned according to Hughes (4s7) and to 
Palmaer and Brinell (288) in favor of the ferrous chloride bath with 
the sulphocresylate salt as an addition agent. 

Ferrous fluosilicate solution was found by Kern (179) to be 
entirely unsatisfactory as silica collected on the cathode and made 
the deposit very brittle. Nevertheless, this solution was later 
patented by Harbeck (German Patent 288,660, January 16, 1914; 
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Swedish Patent 41,303, September 20, 1910) as an electrolyte for 
iron deposition. 

Electrolysis of a solution of ferrous ammonium fluosilicutu 
for 170 hr. with a current density of 1,1 amp. per sq. dm. (10 amp. 
per sq. ft.) at 20°C. (80°P.) gave a deposit which was dark gray, 
streaky, and very nodular, according to Watts and Ei, taU)J At 
the end of the deposition the cell was half full ot a white pre- 
cipitate. A ferrous fiuoborate solution gave similar results. 


Tmiln 4. — Mix wo Summiatw Oimoiuim Solutions for Tim 
KnncTRooncosiTioN ok Iron 





Current 

< tummt 



Investigator 

Date 

Flee truly te 

density, 
amp. per 

density , 
amp. tier 

Tern jwrat ure 

Hemurks 


: 


Hip dm. 

nip ft. 



Moidmger fu b . . . 

IKT>0 

I'VmuiH sulphate, 2 ll>., 



Room 

ChimI fur “steel 



ammonium chloride, 
l lb., water, -1 liters 




facing" 

Varrenirai>p (19) . . . . 

IHflH 

Ferrous sulphate, 4 lb,, 

0. 1 to 0 2 

1 to 2 

Hoorn 

Fsed for "steel 



ammonium chloride, 

3 lb., water, 30 lb. 




facing" 

0. F. Burgefw™‘». 

BUI 

•’cmiiw sulphate, 200 g., 

7 to 1 I 

0 5 to 10 

Hoorn 

UejHmits up to 



ammonium chloride, 




2 in, with a 



40 g,, water, to make 




i purity ofW.UY 



1 liter 




{M«r cent 

Watts and LU s,a >. . . 

1014 

Ferrous sulphate, 150 g, 

1.1 

to 

Hoorn 

For iron re- 



ammonium chloride 
75k.,(NH4)«H04. 120 g. 




lining 



ammonium oxalate 







0 g., water to make 
liter' 





Arzano and Clorici 

HUH 

Ferrous mdphute, 4 



100 to lO.V'C 

For iron re» 

(Brit. Pat. 114,. 


parts, ammonium ebb 



(210 to 

lining 

305). 


ri<!e, 50 parte, water t 
udjiiHk to 30" B<k 



22(FF.) 


Shepherd and 

101K 

Ferrous sulphate, am 




For electro- 

Brazil, Btraker 


omnium chloride, pot as 




plating with 

and Co., (Brit. 


slum bromide, and in 




iron 

Pat. U 0,300). 


metal. Borin tuii 
added 






Hineline (5u) made a solution of ferrous sulphite by treating 
precipitated ferrous carbonate with sulphur dioxide. Upon 
electrolysis, no iron was deposited, a mass, apparently composed 
of ferric sulphate and ferrous sulphide, forming at the cathode. 

The use of an iron sodium pyrophosphate solution for the 
eleetrodeposition of iron was proposed by Brand* 4 ** in 1889. 
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Marino patented (British Patent 10,133, July 12, 1915) an 
electrolyte consisting of a strong solution of sodium pyrophos- 
phate containing 10 per cent of phosphoric acid and 5 to 15 per 
cent of sulphanilic acid. This solution was to be prepared by a 
preliminary electrolysis with an iron anode. The use of ferrous 
silicofluoride or ferrous borosilicofluoride solutions for' iron 
deposition was suggested by Plauson and Teschtschenko (British 
Patent 10,882, 1912). Schlotter - (German Patents 305,156, 

1917; and 309,164, 1918) proposed the use of ferrous perchlorate 
solution. 

Solutions of iron salts other than the sulphate or chloride have 
been tested for use as electrolytes in iron deposition, but none has 
been found to have any advantages over the two more common 
and cheaper salts and most have been distinctly inferior. 

18. Addition Agents. — Strictly speaking, the term “addition 
agents” designates a class of substances which are added to the 
electrolyte, usually in relatively small quantities, for the purpose 
of improving the structure or appearance of the deposit but not 
for the purpose of controlling the hydrogen ion concentration of 
the solution or of increasing its conductivity. The ensuing 
discussion, however, will include additions of acids and conductiv- 
ity salts and will also include additions of reducing compounds 
whose function is to prevent the formation of ferric ions. 

The addition of small “ doses” of citric or tartaric acid was 
recommended by Watt. <41) Vie <410) added citric and sulphurous 

acids together to prevent the formation of a basic precipitate. 
He found formic and oxalic acids to be unsatisfactory for this 
purpose. Kremann and Breymesser (381) found that the addition 
of citric acid to the Fischer-Langbein bath caused the current 
efficiency to drop from 99.46 per cent to 88.57 per cent. Accord- 
ing to Lee, <190) the weak acids such as citric or boric act as buffers, 
that is, they serve as reservoirs of hydrogen ions, allowing the 
solution to be used with low hydrogen ion concentration but 
preventing alkalinity by furnishing hydrogen ions to replace 
those removed from solution by the reactions which occur during 
the course of the electrolysis. 

Hinelme^ 6145 found hydroquinone and chromous chloride satis- 
factory for preventing the formation of ferric ions; sodium 
bisulphite was also effective. Yie (410) used sulphurous acid for 
the same purpose. 
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Ammonium oxalate is frequently added to the iron solution in 
the analytical determination of iron by electrodeposit ion ; it s use 
for this purpose was proposed by Classen and von Reis <;52> in 
1881. The solution used by Neuburger and von Klobukow 
in 1890 also contained ammonium oxalate, according to Nen- 
burger/ 124 * Watts and found this salt to lx* the most 

beneficial of the addition agents tested by Mann. Am berg, tWh 
however, believed the addition, of ammonium oxalate* to be use- 
less, a conclusion with which IIughes (4;m concurred. Hughes 
found that addition of oxalate caused a precipitate to form and 
that further precipitation occurred during the* electrolysis. 

Tucker and Sahramm <22W stated that the addition of glycerine 
to the sulphate bath produced smoother deposits; this was a, Iso 
the experience of Vio <410) and of Khun/ 171 Scddotter 1 1,221 also 
added glycerine to his electrolyte. 

Ryss and Bogomolny (H1,) tested 24 addition agents, both 
organic and inorganic, and found none of value for improving the 
deposit. Watts and Li <:UiM investigated 43 addition agents; of 
these only ammonium oxalate and hexamethylenetetramine gave 
noticeably better deposits than were obtained in the absence of 
addition agents. Glue has been used in the commercial electro- 
deposition of iron to prevent treeing. 

Patents relating to addition agents include the use of iron 
sulphocresylate in the chloride bath, by ( 'owpor-( k>les (British 
Patent 10,307, May 3, 1907), and the addition of boric acid, by 
Ottinger (German Patent 284,008, December 1, 1912). Ogawa 
and Horuichi (Japanese Patent 34,857, August. 10, 1919) patented 
the addition of Japanese isinglass to the ferrous ammonium 
sulphate bath. Govaerts and Wennmekers (German Patent 
384,284, 1924) recommended the addition of an alkali thio- 
sulphate and an organic acid to the sulphate hath. 

It is generally acknowledged that the presence of organic 
substances in the electrolyte causes inclusion of carbonaceous 
matter in the deposit. Nicholson and Avery {7;0 found carbon 
present in deposits from an alkaline tartrate solution; with citric 
acid present in the electrolyte the amount of carbon in t he deposit 
was larger. Avery and Dales (H6 * B8) found 0.22 per cent of carbon 
in deposits from an ammonium oxalate solution and as much ms 
2 per cent of carbon in deposits from a citric acid solution. 
Verwer (100) in 1901 obtained similar results with deposits from an 
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oxalate solution. Frolich’s work (657 ' f>09) indicated that the 
presence of organic compounds, either gases or salts, in the 
electrolyte may cause contamination of the deposit by carbon, 
the amount of contamination being less with ferrous chloride 
solution than with ferrous sulphate. 

19. Summary of Data on Addition Agents. — A considerable 
number of addition agents, mainly organic compounds, have been 
tried in the electrodeposition of iron either to improve the opera- 
tion of the bath or to improve the character of the deposit, or 
both. It is the consensus of opinion that addition agents are of 
little, if any, value in the electrodeposition of high-purity iron. 
In view of the conclusive evidence of contamination, the presence 
of organic material in the solution should be avoided where 
attainment of high purity in the deposit is desired. 

D. ORGANIC ELECTROLYTES 

A solution of ferric chloride in acetone was electrolyzed by 
Patten and Mott (197) in 1909. With a current density of 20 amp. 
per sq. dm. (186 amp. per sq. ft.) a deposit of iron was obtained, 
but with a lower current density, 6 amp. per sq. dm. (56 amp. 
per sq. ft.), the results were negative. Archibald and Piguet C361) 
reported that gray metallic iron free from carbon was deposited 
from solutions of ferric chloride in acetone and in acetone and 
water, provided the voltage was low. The same iron salt in a 
mixture of ethyl alcohol and acetone gave a deposit which con- 
tained carbon. Timmerman <160) found that a solution of ferric 
chloride in methyl chloride had good electric conductivity and 
upon electrolysis yielded metallic iron and chlorine. 

Deposits of electrolytic iron were obtained from a solution of 
ferrous sulphate in a mixture of one part of acetone and two parts 
of water, according to Archibald and Piguet. (361) 

Muller, Honig, and Konetschnigg (626) electrolyzed a solution 
of ferrous bromide in pyridine (4.8 g. per liter) at 25°C. (75°F.) 
and obtained a crystalline deposit of iron. 

The results obtained from attempts to deposit iron electro- 
lytically from organic solvents, while possibly of scientific 
interest, have no apparent practical value. 

E. FUSED ELECTROLYTES 

A process of producing iron by electrolysis of a solution of 
iron oxide in molten calcium fluoride, with or without the 
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addition of carbon, was patented by Simon (British Patent 
14,291, August 9, 1900; IT. S. Patent 704,393, July 8, 1902). 
Beckman* 28 ® 5 described a process for obtaining metals from their 
ores by electrolyzing a fused bath composed of the metallic oxide 
and lime. 

Crystal lino iron was obtained by Aten, den Bering, and 
Westenberg (r,y4) by electrolysis of the fused chloride, using iron 
electrodes. A high current density, 15 amp. per sq, dm. (140 
amp. per sq. ft.) was necessary. Sauerwald and Neuendorff l<l:tu 
obtained 39.8 g. of iron by electrolyzing a fused hath composed 
of 75 per cent of purified iron oxide (25.1 per cent FeO, 74.0 per 
cent FeaOa) and 25 per cent of silica for 30 min. with a current of 
from 25 to 50 amp. ..This hath melted at 1220°t (2230” F.) and 
was a clear liquid at 12C0°O, (2300°F.), The temperature 
maintained during the electrolysis was 1300°C. (2370°F.). In 
another experiment with a carbon anode and an iron cathode, 
400 to 800 amp. were used at 10 to 13 volts, the electrodes being 
spaced 7 cm. apart. During the run of 3 hr., 258 g. of iron were 
obtained, the temperature being sufficiently low so that the iron 
was deposited in, this solid state. A microscopic examination 
indicated the iron to be “quite pure” with only a trace of silica. 
The same workers*™ 03 inter reported further results with this 
process. In addition to the silicate baths, iron oxide that was 
fused without the addition of silica was used as an electrolyte. 
The iron obtained was stated to be carbon-free. Doubt lms 
been expressed (22{,) whether the product of such processes should 
be regarded as the product of oleetrodeposition or of ordinary 
reduction by carbon at elevated temperatures. 

The deposition of iron by electrolysis of fused electrolytes, as in 
the case of organic electrolytes, may be of interest but is not 
important. Iron produced in the presence of carbon at tempera- 
tures of 1000°C. (1830°F.) or more would hardly bo expected 
to be of high purity. 


F. AUTHORS' SUMMARY 

The laboratory production of electrolytic iron is not particu- 
larly difficult. A number of baths are available but the preferred 
electrolytes are, in general, either of the chloride, sulphate, or 
mixed chloride sulphate types. Additions of other salts or 
compounds to the bath may improve the character of the deposit 
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or the operation of the bath, but are of questionable value if 
extreme purity of the product is desired. There is a wide range 
of optimum operating conditions, depending upon the type of 
bath and on the purpose of the process. 

Electrolytic iron in general is of high purity, higher than that 
attained in iron or steel produced by smelting or by refining in 
the molten state. The total of the impurities determined in 
electrolytic iron seldom exceeds a few hundredths of 1 per cent 
but really pure iron, free from all impurities, has not been pro- 
duced by electrodeposition even on a laboratory scale. The 
product invariably has been contaminated by elements which 
originated in the electrolyte, in the anode material, or in the 
substances added to the bath to improve its operation. Carbon, 
silicon, sulphur, and phosphorus usually were present and metallic 
elements such as copper, cobalt, and nickel sometimes were found. 
Hydrogen exists in greater or less amounts in all freshly deposited 
electrolytic iron, but this element can be removed readily and 
practically completely by a simple annealing treatment. The 
practice of reporting the purity of a sample of electrolytic iron as 
the difference between 100 per cent and the total of impurities 
determined is seldom justified by the completeness and accuracy 
of the analysis. The reported analyses, in general, do not justify 
more than a statement that the total of the fixed impurities 
determined, for that sample, did not exceed the observed amount. 

The hope that electrolytic iron could be produced in such a 
pure state that its properties might constitute a radical improve- 
ment over the properties of commercial forms of iron has not 
been realized, as the discussion of the properties of electrolytic 
iron in the ensuing chapters will show. However, it should be 
noted that most of the attempts to prepare pure iron by electro- 
lytic methods were made prior to 1920. Since that time there 
has been a constantly increasing appreciation of the fact that 
the first traces of an impurity, in amounts so small that they 
were formerly considered insignificant, may exert a profound 
influence on the properties of the metal. In recent years zinc, 
aluminum, and lead have been produced in states of purity 
previously not attainable, by means of electrolytic processes 
which were developed by careful, systematic consideration of all 
the details and variables involved. In each case the elimination 
of small amounts of impurities, previously considered insig- 
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nificant, resulted in a pronounced improvement in properties as 
compared with those of commercially pure metal. The possi- 
bilities of electrolytic purification of iron have not been investi- 
gated so thoroughly as was done for zinc, aluminum, and load; 
in view of the results obtained with these throe metals, it is 
possible that a painstaking, systematic investigation of sueh 
variables as the selection of an iron compound, the concentration 
of tills compound in the electrolyte, the presence of added salts, 
the hydrogen ion concentration, the current density, and the 
temperature, might lead to production of iron of higher purity 
than was previously obtained. It should be possible to eliminate 
most of the impurities ordinarily present in electrolytic iron, 
although nickel and cobalt, if present in the anode material or in 
the electrolyte, might be difficult to remove. 



CHAPTER II 


COMMERCIAL PRODUCTION OF ELECTROLYTIC IRON 

Commercial Refining Processes — Building-up Processes — Extraction 

Processes — A uthors ’ Summary 

In the commercial manufacture of electrolytic iron, extreme 
purity of the product is often of less importance than economy 
of operation or production of material with good structure. 
Hence, the conditions of deposition usually are different from 
those employed in the laboratory production of high-purity iron 
for scientific uses, as has been pointed out by Escard. (397) In 
spite of this sacrifice of extreme purity for the sake of expediency 
and structure, commercial electrolytic iron deserves to be classed 
as high-purity metal. 

A. COMMERCIAL REFINING PROCESSES 

The first commercial production of electrolytic iron is credited 
to Burgess and Hambuechen. (120) Their quantity production 
apparently was obtained under the same operating conditions 
that were described, in the preceding chapter, in the discussion 
of their laboratory experiments. This iron was considered to be 
extraordinarily pure but some recent comments* from the late 
Dr. John A. Mathews serve to emphasize the difficulties encoun- 
tered in really determining the purity of high-purity iron. 
Dr. Mathews commented as follows: 

Prof. Burgess first produced an electrolytic iron twenty-five years ago 
—and sent me a sufficient quantity to remelt in the crucible. The 
material was in the form of rough plates some % to % in. thick. On 
remelting and analyzing we were astonished to find the sulphur about 
0.04 per cent. It was decided after some correspondence with Prof. 
Burgess that this was sulphur reduced from the iron sulphate electrolyte 
mechanically entrapped in the rather nodular deposit. Prof. Burgess 
had been determining the sulphur in his electrolytic iron by the evolution 
method and was reporting it extremely low, below 0.01 per cent. The 

* Private communication. 
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sulphur in ferrous sulphate would not be liberated by the ordinary 
evolution method but was apparently reduced in the melting in the 
crucible, so that the resulting melt was very different from what Prof. 
Burgess thought his iron to be. 

20. Production of Electrolytic Iron Printing Plates. Reference 
has been made previously to the earliest commercial application 
of electrolytic iron, as a supporting material for copper electro- 
type plates, and to the process proposed for that purpose by 
Klein. (17 ' 2, ' a, ' ;ty) Hal>or (7U) stated that a similar process whs in 
use at the Austrian Mint. 

A recent development along this line is the process of Thomas 
and Blum (yu) for preparing the electrolytic iron printing plates 
now used by the U. S. Bureau of Engraving and Printing. The 
bath, a modified Fiseher-Langbein solution (see page 20), has a 
ferrous chloride concentration of about, li N, and calcium chloride 
of 2 to 4 N. Free-acid concentration of about 0.01 N is main- 
tained by hourly additions of hydrochloric acid. 'Flu* pii of the 
hath is about 2, measured with a quinhydrone electrode. The 
bath is kept at about 90°(T (K)5°F.). The cell is a rubber-lined 
steel tank, with a thin inner lining of cypress to protect tin*, 
rubber lining against impact or abrasion. Between the steel 
tank and a wooden tank surrounding it is a layer of cork or 
sawdust for thermal insulation. The anodes of ingot iron 
formerly were suspended in alundum pots but, according to a 
private communication, are now inclosed in asbestos hags. The 
anodes are removed every few hours and tint sludge* is brushed 
off. At the same time the electrolyte in the anode compartment 
is stirred, preferably by mechanical agitation as aeration of the 
bath causes oxidation of the iron salt and produces inclusions in 
the iron which reduce its ductility. 

The negative plate* or “altos” are soldered back to back, a 
thin coating of graphite is given each fact*, which is then coated 
with nickel to a thickness of about 0.4 mm. (0.0 ir> in.). Iron is 
then deposited over the nickel to a thickness of about 5 mm. 
(0.2 in.). At 6.5 amp. per sq, dm. (60 amp. per sq. ft.) this 
requires about 84 hr. The nickel-faced iron “basso” plates are 
then stripped off, machined and ground to exact dimensions. 
The nickel face is finally plated with about 0.005 mm. (0.0002 in.) 
of chromium, to supply increased hardness to the printing 
surface. 
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The principal aim of Thomas and Blum’s work was to produce 
electrolytic iron with satisfactory mechanical properties to serve 
as backing for printing surfaces of chromium-plated nickel. 
This aim was achieved. The structure of the deposit was fine- 
grained in the initial layers but consisted of coarse conical 
crystals in the later portions. As a result of this variation in 
structure, the plates as deposited, 5 mm. (0.2 in.) thick, could 
be bent around a cylinder with a radius of less than 20 cm. (8 in.) 
provided the face, that is, ! the surface first deposited, was on the 
convex side; but if the plate was bent in the opposite direction, 
it was more brittle. 

In addition to the satisfactory mechanical properties, a high 
degree of purity of the product was obtained. Thomas and Blum 
reported that their electrolytic iron, after fusion in a magnesia 
crucible in an Arsem vacuum furnace, contained 0.013 per cent 
carbon, 0.005 per cent sulphur, 0.003 per cent silicon, 0.01 per 
cent nickel, and 0.02 per cent copper. Manganese and phos- 
phorus were not detected. The total of the reported impurities 
was 0.051 per cent. 

21. Cowper-Coles Process. — The process developed by Cow- 
per-Coles c 17 5) for the commercial production of sheets and tubes 
of electrolytic iron was covered by a number of patents granted 
in the period from 1906 to 1919. While the process did not meet 
with commercial success in England, the work of Cowper-Coles 
seems to have been the basis of the process operated successfully 
at Grenoble in France. 

Cowper-Coles first specified a bath made by dissolving metallic 
iron in a solution of sulphocresylic acid. This bath seems to have 
been abandoned, however, as Palmaer and Brinell, C28S) who 
investigated the Cowper-Coles process in 1913, stated that the 
electrolyte was a 40 per cent solution of ferrous chloride contain- 
ing iron sulphocresylate as an addition agent, the amount present 
corresponding to 3 per cent of sulphocresylic acid. Iron oxide 
was added to the bath in the proportion of 300 g. per liter of 
electrolyte, making the bath a rather thick slurry. This served 
to polish the deposit on the rotating cathode, thus preventing gas 
pitting, and to prevent excessive acidity in the bath. The sul- 
phocresylate bath was assumed to be at a temperature of 70°C. 
(160°F.) ; Palmaer and Brinell gave the working temperature of 
the chloride bath as between 88 and 95°C. (190 and 205°F.). 
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The cell used for the manufaeture of tubes was a loud-lined 
trough with two cast-iron anodes laid on the bot tom, the cross- 
section of the two anodes together being U-shaped. A cylindrical 
mandrel, rotating in the center of the IT, served as the cat hode. 
The mandrel was coated with lend which softened when heated, 
and thus facilitated the removal of the deposit. The lead coating 
also protected the mandrel from corrosion. 

For the production of sheets of electrolytic iron a large cylindri- 
cal drum coated with an insulating fnaterial was suspended in 
the center of a cylindrical vat. The drum was rotated on its 
vertical axis and a removable metal sheet, on the outer surface 
of the drum served as the cathode. The cast-iron anode bars 
were hung on the wall of the vat, but were insulated from it. 
The current density was from (> to 8 amp. per sq, dm. (5b to 
74 amp. per sq. ft.). Correct relation between speed of rotation 
and current density was essential to secure a satisfactory sheet 
or tube product in either of the types of cells. 

According to Palmuer and Brincll, each ton of iron produced 
required: 1.1 tons of pig iron, 0.27 horse- power years of electricity 
for depositing, 0.05 horse-power year of electricity for machining, 
and about 50 man-hours of labor. 

The product had excellent physical qualities hut was not 
particularly pure, Cowper-Ooies rmo giving the total impurities 
as from 0.122 to 0.192 per cent . 

22. Bouchayer and Viallet Process. About 1908 Boucher 
acquired a license for the French rights to the ( 'owper-t 'oles 
process, which he then assigned to a holding company, Bocietd 
The Fer. ;; Numerous improvements were made in the original 
process and a license to manufaeture tubes was granted Bouchayer 
and Viallet at Grenoble. r * 1W4 * ^,i,7 • WK,, The right to manufacture 
sheets was secured by the Bt. Marie and Gravigny Foundry. 

There is little mention in the literature of the manufacture of 
sheets of iron by this process, but the commercial manufacture 
of tubes seems to have been successful. An advantage Is that 
thin tubes for radiators and boilers, the most expensive to 
manufacture by rolling, are the cheapest to make elect roly t Fully. 
Production was stated by Belcher** 401 in 1924 to have been 2 tons 
of tubes per day, with little labor or supervision necessary ami 
with a high percentage of perfect tubes. 
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The cell used was similar in design to the Cowper-Coles cell. 
The mandrels on which the iron was deposited were 4 m. (13 ft.) 
in length and from 85 to 160 mm. (3.3 to 6.3 in.) in diameter. 
They were rotated at various speeds, according to the diameter, 
the 160-mm. mandrel making 180 to 200 r.p.m. The potential 
used was from 3 to 4 volts per cell. The cathodic current density 
decreased as the diameter of the mandrel increased, the same 
amperage being used for all cells regardless of the size of the 
mandrel. The correct relation between current density and 
peripheral speed was maintained by variation in the speed of 
rotation of the different-sized mandrels. 

The electrolyte was a concentrated ferrous chloride solution 
heated electrically by means of an alternating current supplied 
through graphite electrodes. The working temperature of the 
bath was 70 to 75°C. (160 to 165°F.). Rapid circulation of 
the electrolyte was obtained by the use of pumps which passed 
the solution through vats filled with iron turnings. This insured 
neutrality and also filtered out insoluble impurities. Oxychloride 
of iron, which acted as a depolarizer to prevent the liberation 
of hydrogen, was formed by the use of an auxiliary anode of 
graphite. 

After the deposit had reached the required thickness of 2 to 
5 mm. (0.08 to 0.2 in.), the mandrel was removed from the cell, 
washed, and placed in a slow-speed lathe where a traveling gas 
jet heated the tube sufficiently to make it ductile. It was then 
rolled to expand the metal and to loosen it from the mandrel. 
After removal from the mandrel the tube was given a thorough 
anneal. As in the Cowper-Coles process the mandrel was first 
polished and then lead coated in a lead perchlorate bath. 

Analyses 0 ™ 4 ’ 500 ’ 6465 of the electrolytic iron produced by Bouch- 
ayer and Viallct, which was given the trade name “Beve” iron, 
showed total impurities to be between 0.025 and 0.043 per cent. 
However, the analyses did not include lead or copper and, as 
Bouchayer stated that the former was present to 'the extent of 
from 0.02 to 0.20 per cent and the latter from 0.02 to 0.10 per 
cent, the iron content of the material was undoubtedly less 
than the analyses indicated. The susceptibility to rusting, which 
is usually an important feature in iron deposited from chloride 
baths, apparently was overcome in this iron by the annealing 



44 


THE METAL — IRON 


treatment immediately after deposition at temperatures high 
enough to volatilize chlorides present in or on the iron. 

The Niagara Electrolytic Iron Company started the manu- 
facture of electrolytic iron tubes and sheets at Niagara Falls 
about 1925, using the Boucher process. The plant and process 
have been described in two anonymous articles (6U2 » r,U3) and by 
Kreutzberg CG1G) and Boylston.< 70fl) The properties of the product 
were given by Fuller. c<5(52) It is understood that production 
was discontinued for economic reasons. 

The production .of tubes of electrolytic iron on a rotating 
mandrel which served as cathode in the electrolysis also was 
started at Cheshire, England, <f,<57) but details of the process and 
of the production attained are lacking. The', determination 
of an unusual number of the properties, thermal, electric, mag- 
netic, and mechanical, of the product was reported, including 
the following analysis: 0.031 per cent carbon, 0.02 per cent 
manganese, traces of silicon, sulphur, and phosphorus; copper 
and nickel absent. 

23. Western Electric Company Process.— -In 1915 the Western 
Electric Company began production of electrolytic iron for 
magnet cores, the brittleness of the product allowing it to 
be readily pulverized to the fineness necessary for that pur- 
pose, Details of the process have been supplied by Storey, C,U7) 
McMahon, C479) Stoughton, (49l) and Skowronski. cw * a> 

The electrolyte used was that proposed, by Watts and Li, 
a solution of ferrous sulphate, ferrous chloride, ammonium 
sulphate, and ammonium oxalate. A small quantity of glue 
was added to lesson treeing. The anodes were bars of open- 
hearth steel, the cathodes were polished steel plates. The bath 
was operated at room temperature with a current density of 
about 1.3 amp. per sq. dm. (12 amp. per sq. ft.). When the 
deposit reached a thickness of about }4 in., each alternate cathode 
was removed and stripped, and replaced by a fresh cathode. 
This avoided the extreme change in conditions that would occur 
if a complete set of new cathodes were installed all at once. 

The product, after being washed and dried, was crushed, 
sieved, coated with zinc by tumbling with zinc dust, lightly 
shellacked, and compressed under a pressure of 200,000 lb, 
per sq. in. 
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Storey (357) stated that the production in 1916 was 1000 lb. 
weekly. Skowronski, <682) who reported the purity of the prod- 
uct as 99.97 per cent, stated that the production in 1925 was 
25,000 lb. weekly. This production of electrolytic iron was 
discontinued when the material was supplanted by permalloy 
for use as magnet cores. 

24. Langbein-Pf anhauser Process. — The Langbein-Pf anhauser 
Werlce began producing electrolytic iron about 1909, using the 
ferrous chloride calcium chloride bath developed by Fischer. 
Engelhardt (396) stated that the scarcity of copper during the 
World War led to expansion of the Langbein-Pf anhauser plant 
and to the erection of an electrolytic iron plant by Siemens- 
Halske, the combined production being 400 tons per month. 
The softness of the annealed electrolytic iron made it an accept- 
able substitute for copper for certain purposes, such as shell 
bands. Engelhardt stated that for economic reasons the produc- 
tion of electrolytic iron in Germany was discontinued at the 
close of the World War. 

The Langbein-Pf anhauser operation was described briefly 
in two anonymous articles (188 ’ 344) and in considerable detail by 
Pfanhauser. <935) The cells were composed of concrete with an 
acid-proof lining. Porous cups surrounded the cathodes. 
The bath, kept between 80 and 90°C. (175 and 195°F.) by steam 
heat, was electrolyzed with a current density averaging 3 amp. 
per sq. dm. (28 amp. per sq. ft.) although as high as 6.4 amp. 
per sq. dm. (60 amp. per sq. ft.) could be used. The average 
current efficiency was 94 per cent. The purity of the product 
is indicated in Table 5. These analyses are presumably of 
material produced on a laboratory scale in the development 
of more extensive operations. Pfanhauser (935) gave the cost of 
production, including interest and amortization, as 160 Reichs- 
marks per 100 kg. of electrolytic iron. This was equivalent 
to $350 per ton of iron. 

A ferrous chloride potassium chloride electrolyte was used 
by Siemens-Halske. Otherwise their method of deposition, as 
described by Pfanhauser/ 985) was similar to that of Langbein- 
Pf anhauser. 

25. Present Status of Commercial Production of Electrolytic 
Iron in the United States. — Information has recently been 
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received* that the National Radiator Corporation, of Johnstown, 
Pennsylvania is prepared to furnish electrolytic iron in com- 
mercial quantities, in sheet or powder form. Details of the 
process are not available. The iron is said to contain 0.004 per 
cent carbon, 0.002 per cent manganese, 0.002 per cent silicon, 
0.004 per cent phosphorus, 0.001 per cent sulphur; copper, 
nickel, chromium, and titanium, “unable to identify.” Prices 
from 35 cents to $1 per lb. have been quoted, depending upon 
the sizes and quantities ordered. Bo far as the authors are 
aware, this is the only current production of electrolytic iron 
on a commercial scale in this country. 

26. Summary of Electrolytic Iron Production by Commercial 
Refining Processes. — The production of electrolytic iron in 
quantity has been achieved in several commercial refining proc- 
esses. A variety of baths have been used, with a general 
preference for the chloride bath or one of its modifications on 
account of the rapid deposition of iron obtainable from this type 
of bath. Typical analyses, listed in Table 5, indicate that 
electrolytic iron that is produced in quantity is a product of 
high purity, even though some of the purity obtainable in small- 
scale operations has been sacrificed to operating expediency. 
The commercial production of electrolytic iron usually has been 
undertaken either as an emergency measure or to supply metal 
with unusual properties or for unusual purposes. Operations 
in general have been short-lived for economic reasons. Bo far 
as is known, there is at present only one producer of electrolytic 
iron as a market commodity, in the United States. 

B. BUILDING-UP PROCESSES 

27. Electrodeposition of Iron for Building Up Machine Parts.— 

The use of electrodeposition of iron for “building up” worn or 
undersized parts of machinery was developed in England during 
the World War although Storey™ 07 } stated that Krupp patented 
this application of the electrodeposition of iron in 1900. Mae- 
Fadycn,< 40 «> Thomas, <«*> Barclay, < 42(I > Hughes, and 

McLare <672) have given information on the British practice. 
McLare stated that a concentrated ferrous ammonium sulphate 
solution containing from 3 to 3.75 lb. of the salt j>er gal. (360 to 
450 g. per liter) was used at room temperature. The solution 

* Private communication, October 27, 1934. 
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was kept neutral or very slightly acid. The use of a large vat 
facilitated control of the acidity and eliminated the need for 
continual agitation, only an occasional stirring then being 
necessary. Where small baths were required, as when the 
containing vessel had to be built around the work, careful control 
of concentration and acidity was necessary. With large vats a 
current density of 1.9 to 2.2 amp. per sq. dm. (18 to 20 amp. 
per sq. ft.) was used; with small baths the density was about 
1.6 amp. per sq. dm. (15 amp. per sq. ft.). When deposition 
was continued without attendance, for example over night, the 
current density was cut to about 1.3 amp. per sq, dm. (12 amp. 
per sq. ft.). Deposition was carried on continuously to comple- 
tion; interruptions in deposition produced poorly adherent layers 
of metal. The temperature of the bath was not allowed to drop 
below 18°0. (65°F.), as deposition at lower temperatures pro- 
duced poor deposits. The anodes of soft Swedish iron entirely 
surrounded the cathode and had an area at least four times that 
of the cathode. The anodes were removed periodically and 
scrubbed. Water lost from the bath by evaporation was replaced 
with distilled water. 

The Westinghouse Electric and Manufacturing Company used 
a similar process for the same purpose. The latest information 
(1930) on the Westinghouse method* is given by Thomas. (H<U *’ W 
Earlier writers who described the American practice art? Alley C4U4) 
and Kellogg. C470) The electrolyte used by Westinghouse was a 
rather concentrated ferrous ammonium sulphate solution, 
300 g. per liter (2.5 lb. per gal.), to which was added a small 
amount of freshly precipitated ferrous carbonate to preserve 
neutrality, and a small amount of charcoal to prevent gas pitting. 
The bath was kept at 60°C. (M0°F.). At the current density 
used, 6.5 to 7 amp. per sq. dm. (60 to 65 amp. per sq. ft.), 0.006 in. 
was deposited per hr. Stoneware tanks w ere used for small work, 
and lead-lined wooden tanks for large pieces. Unlined wooden 
tanks could not be used as the organic material extracted by the 
electrolyte caused pitting. The anodes were round bars of ingot 

* Since this manuscript was prepared, Kellogg <l<rm has published an addi- 
tional account of the building-up operations at the Westinghouse Electric 
and Manufacturing Company. Details of the process are essentially as 
given by Thomas in the ensuing text. It has been found ( hat an adherent 
deposit of electrolytic iron can be obtained on cast iron. 
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iron with a micarta disk fastened to each end. An up-and- 
down motion was imparted to the anodes by the rocker arm 
from which they were suspended, causing agitation of the 
electrolyte which was essential to the production of satisfactory 
deposits. The pieces which were to be built up were suspended 
near the anodes through holes in the micarta disks. Parts of 
the cathode not to be plated were covered with an insulating wax 
mixture. Good adherence could be obtained only if the articles 
were carefully cleaned. In addition to cleaning with organic 
solvents and caustic soda to remove grease, they were cleaned 
electrolytically in a 30 per cent sulphuric acid solution, using a 
current density sufficiently high, 46.5 amp. per sq. dm. (3 amp. 
per sq. in.), to cause the iron to be passive. 

C. EXTRACTION PROCESSES 

The idea of preparing electrolytic iron directly from the ore, 
in place of refining iron produced by a smelting operation, seems 
to have originated with Siemens, who was granted a patent 
(U. S. Patent 415,576) for such a process in 1889. It described 
the treatment of a sulphide ore with a ferric salt solution, either 
sulphate or chloride, which dissolved the ore with the formation 
of ferrous salts and free sulphur, as indicated by the equation : 

2FeCl 3 + FeS = 3FeCl 2 + S 

When the ferrous salt solution was electrolyzed in a two-com- 
partment cell with insoluble anodes, iron was deposited at the 
cathode and ferric salts were formed at the anode. The ferric 
salt solution was used to dissolve more ore, completing the cycle 
of operations. These reactions were the basis of several later 
processes of iron extraction and deposition. 

28. Eustis Process. — The essential reactions of the process 
developed on a pilot-plant scale at Milford, Connecticut, by 
Eustis, Perin, and Belcher (445 ’ 4GG ’ 519 ’ 54G) are the same as those of 
the Siemens process. The pilot plant was designed to produce 
1 ton of electrolytic iron per day, but no production records have 
been found in the literature. 

A countercurrent system was used to obtain solution of the 
maximum amount of iron from the ore, a Canadian pyrrhotite, 
and at the same time to obtain complete reduction of the ferric 
iron present in the used electrolyte. The completely reduced 
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solution from the treatment of the ore was pumped to cementa- 
tion tanks where the copper was precipitated with serai) iron and 
recovered. Calcium sulphide was then added to the solution, 
causing precipitation of the metallic impurities with the exception 
of zinc. No satisfactory treatment was found for eliminating 
zinc; the deposit of electrolytic iron contained about 0.02 per 
cent of this element. It was planned to recover sulphur from the 
residue remaining after treatment of the ore. 

The purified ferrous chloride solution was pumped to storage 
tanks whence it was circulated through the cell at such a rate 
that the ferric iron content of the anolyto never exceeded 72 g. 
per liter. This prevented evolution of chlorine at the a, node. 

As the calcium and magnesium carbonates and the zinc 
sulphide present in the ore dissolved more readily than did 
the iron sulphide, their solution represented a continual loss 
of effective chlorine. To prevent this loss the ore was given a 
preliminary wash with a very dilute sulphuric acid solution, 
which rid the ore of the carbonates and zinc sulphide without 
appreciably attacking the iron sulphide. Pyrit.e ore could be 
used in the process, provided the pyrite was given a preliminary 
roast in a reducing atmosphere to drive off part of the sulphur 
and to form an artificial pyrrhotito. 

The cell first used was similar to that used by Bouchayer and 
Viallet, with a revolving mandrel as a cathode. The driving 
mechanism and electric connections gave trouble so this type of 
cell was abandoned. Cells with stationary cathodes were tried 
but were unsuccessful, the deposits being too rough to permit 
rolling to sheets. 

The cell finally adopted was equipped with a rotating mandrel 
cathode, but with the driving mechanism, stuffing boxes, and 
electric connections of improved design. A peripheral speed of 
250 ft. per min. permitted use of a current density of I t amp. 
per sq. dm. (100 amp. per sq. ft.) with the electrolyte above 
70°C. (160°F.) and preferably just below boiling. Successful 
operation on an experimental scale was attained with electrolytes 
containing between 75 and 275 g. of iron per liter, but a concentra- 
tion of 180 g. of iron per liter was recommended. 

Iron produced in the Milford plant was stated (R4C> to contain, 
a total of 0.037 per cent of fixed impurities, distributed as follows: 
0.03 per cent carbon, 0.002 per cent silicon, 0.003 per cent 
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sulphur, 0.002 per cent phosphorus; manganese absent. The 
sulphur content of the product was satisfactorily low, particulaily 



Electrolytic iron 


Fig. 3. — Flow sheet of the Traill and McClelland < B84 > process for the production 
of electrolytic iron from pyrrhotite ores. 

in view of the fact that the starting point of the process was a 
sulphur-rich ore. 
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29, Traill and McClelland Process.— An extraction process 
for production, of electrolytic iron was developed by Traill, 
McClelland, and co-workers <r>34 * &3r, * r,84 ’ fl2l * 0ar,,0 ‘ J2 ^ at the Hydro- 
metallurgical Laboratory of the Canadian. Department of Mines, 
with a view to the utilization of Canadian pyrrhotite ores. The 
process, as far as chemical reactions are concerned, is the same as 
that of Eustis and is shown in the flow sheet, Fig. 3. As artificial 
pyrrhotite, produced by roasting pyrite in a reducing atmosphere, 
dissolved more rapidly than did the natural pyrrhotite ore and 
did not require such fine grinding, it was mixed with the natural 
ore prior to leaching. 

A rotating mandrel cathode was used in most of Traill's work, 
although a cell with a stationary cathode and rapid circulation 
of the electrolyte around the cathode was also tried. The latter 
cell avoided the difficulties with driving mechanism, stuffing 
boxes, and electric connections inherent in the former typo. 
In both cells the temperature was 80 to 90°C. (175 to 195°F.), cell 
voltage 4 to 4.4, pH 3.7 to 3.9, and iron content in the electrolyte 
170 to 185 g. per liter. A current density of 11 amp. per sq. 
dm. (100 amp. per sq. ft.) was used with the rotating cathode, and 
3.8 amp. per sq. dm. (35 amp. per sq. ft.) with the stationary 
cathode. 

Chalcopyrite concentrates were also tried in this process but, 
although the copper leached readily, only half of the iron would 
dissolve. A preliminary reducing roast converted all of the iron 
to the soluble form. A better procedure was to hutch the raw 
concentrates, roast the residue with recovery of the sulphur, 
and add the roasted residue to the next batch of raw concentrates. 
As much as 98 per cent of the iron, 98.8 per cent of the copper, 
and 60 per cent of the sulphur could be recovered. 

A process for the utilization of the ilmenite ores of Canada 
with recovery of electrolytic iron and titanium oxide was also 
developed by Traill and Mctnc 41 and/ ft ^Mm».m»i.H« < u The finely 
ground ore was reduced with carbon at X00()°C. (1830° F.), 
giving a product which contained about 44 per cent of metallic 
iron and leaving the titanium oxide unattached. The product 
was leached with anolyte liquor which dissolved the metallic 
iron with reduction of the ferric iron of the solution. The residue 
after leaching contained 76.2 per cent of titanium oxide and 
3.7 per cent of iron. This residue was treated for the recovery 
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of pure titanium oxide for use as a pigment. The ferrous chloride 
solution was electrolyzed for the recovery of iron. 

30. Pike Process. — The process developed by Pike C901) had 
as its primary object the recovery of copper from chalcopyrite 
concentrates, the electrolytic iron recovered in the process being 
a by-product of secondary importance. 

The complicated nature of these electrolytic extraction 
processes is illustrated by the flow sheet for Pike's process, 



Flo. 4. — Flow shoot of the Pike process for the production, of electrolytic 
iron as a by-product of the recovery of copper from chalcopyrite ores. ( Pike , 
West, Stack, Cummings , and Little 


Fig. 4. The ore was leached in tank la with hot iron chloride 
solution containing about 100 g. of iron per liter, of which about 
half was in the ferric state. To obtain high copper extraction 
an excess of leaching solution was used. This resulted in only 
partial reduction of the ferric iron; the reduction was completed 
with pyrrhotite ore in tank 16. The tailings were filtered in 
2 and treated in 17 to recover their sulphur; the residue from 
17 was roasted in 18, under such conditions that the sulphate 
needed in the process was formed. The roasted tailings were 
then leached with some of the anode electrolyte in tank 15. 
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The final tailings, which were filtered in 16, contained all of 
the gold of the ore. The leach liquor, containing sulphate which 
must be removed later in the process, was used for treating ore 
in tank la. The liquor from 2 was passed over copper in 3a, 36, 
and 3c to cement out the silver. Copper was cemented out on 
scrap or sponge iron in 4a and 46; the settled sludge was filtered 
out in 5. The decanted solution passed through tower 6, 
where H 2 S was introduced to remove traces of copper and any 
zinc present. After filtration in 7, the solution passed through 
disk evaporator 8 where the water, which was condensed from 
the steam injected to heat the solution, was removed. The 
solution now contained about 12 per cent of ferrous iron and 
only traces of ferric iron. In correction tanks 9a and 96 sufficient 
sulphuric acid was added to bring the pH to 2.5, and sufficient 
calcium chloride to restore the chlorine lost in the process, the 
equivalent calcium being precipitated by the sulphate which 
entered the cycle with the leach liquor from 16. After filtration 
in 10, the solution was pumped to storage tank 11, which fed 
electrolytic cell 12. The anode electrolyte drained to 13, whence 
it was pumped to leaching tank la. The cathode electrolyte 
was circulated by draining it to 14, and pumping it bade to 11. 

The electrolytic cell, designed for this process, had revolving 
disk cathodes, woven asbestos cloth diaphragms, and graphite 
anodes. The cathodes were slightly less than half submerged, 
and the exposed portion was covered with a hood of cork board 
which protected the deposit from chilling. The cathodes were 
prepared before deposition by heating them to form a coating 
of blue oxide, which facilitated stripping. Cells with stationary 
cathodes were not satisfactory as the snags caused by excessive 
treeing tore the diaphragms when the cathodes were removed 
from the cell. Rubbing the cathode during deposition was 
found to be unnecessary; it improved the deposit somewhat 
but not enough to justify the expense. Operating conditions 
were: current density 3.8 to 5.5 amp. per sq. dm. (35 to 50 amp. 
per sq. ft.), temperature of the eatholyte above 80°C. (175°F.), 
temperature of the anolyte 90 to 95°G. (195 to 205°F.), ferric 
iron in the eatholyte never over 0.05 per cent, pH 2.5. 

In pilot-plant operation Pike’s process produced about 3000 lb. 
of electrolytic iron. The average composition of this material 
was reported C9<)1) to be 0.005 per cent carbon, 0.007 per cent 
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sulphur, 0.006 per cent copper, with phosphorus, silicon, manga- 
nese, nickel, cobalt, cadmium, arsenic, zinc, and lead absent. 
Several samples contained as little as 0.003 per cent sulphur 
and 0.004 per cent copper, leading Pike to believe that these 
limits could be held in regular operation. The analyses are 
unusually complete and permit a definite statement that the 
average value for the total of fixed impurities in this material 
did not exceed 0.018 per cent. 

31 . Kangro Process. — The process devised by Kangro for 
the production of electrolytic iron from iron ores was described 
by Pfanhauser. (035) The basis of the process was the discovery 
by Kangro and Fltigge (836) that chlorine reacted with iron oxide 
at 800 to 1000°C. (1470 to 1830°F.) to form ferric chloride 
which distilled from the gangue and was obtained comparatively 
pure. The aqueous solution of the ferric chloride was then 
electrolyzed in two stages, using insoluble anodes. In the first 
stage the ferric chloride was reduced to ferrous chloride; this 
was then electrolyzed to produce electrolytic iron. 

32 . Estelle Processes. — Two processes for the preparation of 
electrolytic iron from iron ores were devised by Estelle. (465) 
The process patented by him in 1914 was a modification of the 
Siemens process. Sulphide iron ore, either natural pyrrhotite 
or an artificial pyrrhotite made by roasting pyrites in a non- 
oxidizing atmosphere, was treated with hydrochloric acid. The 
hydrogen sulphide which was evolved was recovered for later 
use in the process. The ferrous chloride solution formed was 
treated with iron to remove copper and was then electrolyzed 
in a simple cell, using an insoluble anode. Iron deposited on 
the cathode and ferric ions were formed at the anode. When the 
concentration of ferric iron was sufficiently high the cell liquor 
was passed through a tower where it reacted with hydrogen 
sulphide from the leaching operation, with reduction of the 
ferric iron to the ferrous state, the liberation of sulphur, and 
the formation of free acid. The sulphur was recovered as a 
by-product. The solution, which now contained ferrous iron 
and free acid, was used to leach fresh ore. 

To avoid the difficulties encountered in handling hot ferric 
chloride solution, Estelle later developed the process usually 
associated with his name. Ores of the oxide type such as 
hematite, limonite, magnetite, and “blue billy” (the roasted 
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pyrite cinder from sulphuric acid plants) arc most suitable for 
this process. Sulphide ores require a preliminary treatment 
which involves the use of sulphuric acid and ammonia to convert 
the iron to the hydroxide in which form it was added to the 
electrolytic eel! (U. S. Patent 1,565,353, December 15, 1925; 
Canadian Patent 262,090, June 29, 1926). The cost of this 
treatment makes it doubtful whether the Estelle process can be 
operated successfully on a commercial scale with sulphide ores. 

Oxide ores, however, require only heating with caustic, soda 
or soda ash and hydrolysis of the ferrite formed to convert the 
iron to the hydroxide, which is comparatively pure, as most 
of the impurities dissolve in the caustic, soda. After filtration 
the caustic soda is regenerated by diluting to 20 per cent, adding 
milk of lime, filtering, and concentrating. 

The cell used by Estelle was an iron tank which also served 
as the anode; the cathodes were iron plates. The electrolyte 
was prepared by adding 30 parts of the hydrated iron to 70 parts 
of a 50 per cent caustic soda solution. Estelle specified 20 amp. 
per sq. dm. (186 amp. per sq. ft.) as the correct current density. 
Lloyd 414,12 ’ found 90°0. (195°P.) the most suitable temperature 
for electrolysis. Iron hydroxide was continually added to replace 
that reduced at the cathode. The electrolyte was regenerated 
when necessary in the same manner as was the caustic soda used 
in treating the ore. With an air-tight cover on the cell, the 
oxygen evolved at the anode could bo collected and sold as a 
by-product. No complete analyses of iron from this process 
are available. Lloyd found 0.004 and 0.005 per cent phosphorus 
and 0.002 and 0.053 per cent sulphur in two samples which he 
prepared. The Estelle process has never boon exploited com- 
mercially although Lloyd, who made a laboratory study of 
the process, believed it worthy of investigation on a larger 
scale. 

33. Other Processes.— A process of reducing iron oxide by 
making it the cathode in an alkaline electrolyte containing a 
soluble sulphide was patented by Rodman (U. S. Patent 884,763, 
April 14, 1908). Ram age in 1910 patented a process for recover- 
ing iron from its ores by reducing the ore to sponge iron, which 
was compacted and used as the anode in an electrolytic bath 
(U. S. Patent 949,004, February 15, 1910). Parker patented 
a similar process in 1890 (British Patent 9991, June 27, 1890). 
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Patents to Ramage (U. S. Patents 984,703 and 1,007,388) in 
1911 covered a process of dissolving iron oxide in sulphuric acid, 
reducing with sulphur dioxide, and electrolyzing with sulphur 
dioxide as a depolarizer. The sulphuric acid formed was used 
to treat more iron oxide. 

Numerous patents were granted to Dekker* covering processes 
of converting iron ores to iron sulphate, which was then electro- 
lyzed. Molten FeS04-7PI 2 0 was used as electrolyte in the 
cathode compartment. The anode compartment was packed 
with iron compounds, obtained by hydrolysis of iron salts, 
which dissolved in the sulphuric acid formed at the anode. 

Farnham in 1912 patented a process in which sulphuric acid, 
obtained by the electrolysis of ferrous sulphate, could be used to 
form more ferrous sulphate (U. S. Patent 1,006,836, October 24, 
1912). In the following year, a patent was granted to Reed 
(U. S. Patent 1,055,652, March 11, 1913) which specified the 
use of a lead anode in electrolyzing ferrous sulphate, the sulphated 
lead being then used as a cathode in a second electrolysis for 
the recovery of the sulphuric acid. 

Pip electrolyzed a ferrous salt solution, using the ferric solution 
formed at the insoluble anode to dissolve spathic iron ore (Ger- 
man Patent 316,597, June 26, 1918). 

Conder (f)04;) proposed the treatment of pyrites in a suitable 
furnace with hydrogen, passing the evolved hydrogen sulphide 
into a ferric chloride solution to form ferrous chloride, free 
hydrochloric acid, and sulphur. The sulphur was recovered 
and the acid ferrous chloride solution was used to dissolve 
the iron sulphide formed in the hydrogen treatment. After 
removal of any copper present, the ferrous chloride solution was 

* British Patent 18 488, August 16, 1911. 

German Patent 268,142, August 17, 1911. 

French Patent 445,758, July 4, 1912. 

Swiss Patent 67,394, July 18, 1912. 

British Patent 28,857, December 14, 1912. 

German Patent 273,046, February 14, 1913. 

U. S. Patent 1,075,409, October 1L4, 1913. 

U. S. Patent 1,113,546, October 13, 1914. 

Norwegian Patent 27,816, April 10, 1917. 

British Patent 117,638, April 21, 1917. 

Swiss Patent 76,764, February 1, 1918. 

Canadian Patent 192,268, August 19, 1919. 
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electrolyzed, with deposition of iron and formation of more 
ferric salts, which were treated with hydrogen sulphide. Con- 
dor's process is similar to Estelle's first process. 

In the process proposed by Okoohi and Hanoaki, easily 
crushable iron ores are reduced to metallic iron, mixed with iron 
sulphide, and used as anode in an acid electrolytic bath (IT. S. 
Patent 1,582,428, April 27, 1926). 

34. Summary of Extraction Processes for the Production of 
Electrolytic Iron.- — Extraction processes for the production of 
electrolytic iron directly from ores have been successful from 
a technical but so far not from an economic point of view. Iron 
of satisfactory purity and properties has been produced on an 
experimental scale, but lack of a market for electrolytic iron 
and the cost of the process have not warranted continuous 
operation. 

Most of the processes were designed for the production, in 
addition to electrolytic iron, of valuable by-products both 
metallic (such as copper, silver, and gold) and non-motallic 
(sulphur or titanium oxide). The handling of the hot, corrosive 
solutions of ferrous and ferric chloride employed in most of the 
extraction processes is difficult even in small-scale operations 
and creates an extremely difficult problem in plant design and 
in the selection of materials of construction for operation on a 
larger scale. 


D. AUTHORS* SUMMARY 

Electrolytic iron has been produced in several instances on a 
scale of operations decidedly greater than that of laboratory 
production. In quantity production there was generally a slight 
sacrifice of purity of the product for the sake of increased effi- 
ciency of operation; nevertheless the product should be rated as a 
metal of high purity. The chloride bath was usually preferred, 
on account of the high current densities and consequent rapid 
deposition obtainable in this type of bath. The commercial 
production of electrolytic iron usually was undertaken as an 
emergency measure or to produce material with special properties 
for particular uses, but even in the special uses electrolytic iron 
usually has been supplemented by cheaper material with equally 
desirable properties. Consequently, most of the operations for 
commercial production of electrolytic iron have been technical 
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but not financial successes and have been short-lived. For 
general use the properties of electrolytic iron are not so much 
superior to those of ordinary iron as to justify the increased cost 
of the electrolytic product. However, as was stated in the 
summary of Chapter I, the authors are not convinced that the 
possibilities of producing very pure iron by electrolytic methods 
have been exhausted. There is still a possibility that improved 
processes may yield electrolytic iron of higher purity than has 
been attained to date. The properties of this very pure iron 
remain to be determined. 

Several processes have been proposed for the production of 
electrolytic iron directly from ores. Most of these processes were 
designed to treat sulphide ores so as to produce a solution of 
ferrous chloride from which electrolytic iron could be recovered; 
a few processes have been proposed for the treatment of oxide 
ores. Frequently the hope has been entertained that valuable 
by-products, either metallic or non-metallic, would help to 
defray expenses, but the lack of demand for electrolytic iron 
in quantity and the cost of operation have prevented attempts 
to operate extraction processes on anything but an experimental, 
or, at most, a pilot-plant scale. 



CHAPTER III 


CHEMICAL METHODS FOR PREPARING HIGH-PURITY 

IRON 

Reduction M cth ads — Thermal Decomposition of iron Carbonyl * 

M citing or Compacting Preparation of Single Crystals Authors’ 

S ummary 

For the preparation of high-purity iron for scientific uses, 
electrolytic methods have been preferred by most, workers. 
However, for atomic weight determinations, whore extreme 
purity is essential to accuracy, chemical methods have been 
used. Furthermore, chemical methods tires of industrial impor- 
tance as the production of commercially pure iron in large 
quantities is accomplished by reduction and refining, i.e., by 
chemical methods of purification. 

A. REDUCTION METHODS 

Volger w stated that probably the first instance of the prepara- 
tion of high-purity iron, by reduction methods, was that of 
Poligot (;,) in 1844, who reduced iron chloride with hydrogen 
and obtained octahedral crystals of iron which were made into 
small malleable plates. I)oLuea na) in 1800 precipitated ferric 
hydroxide from ferric chloride solution with ammonia. The 
precipitate was filtered, ignited, and reduced with hydrogen. 
Emphasis was placed on the necessity for careful purification of 
the hydrogen. Contamination by sulphur was encountered 
unless all of the rubber tubing used was previously boiled in 
potassium hydroxide solution, 

35. Reduction with Hydrogen. — Probably the first serious 
attempt to prepare pure iron by hydrogen reduction was that of 
Matthiessen and Szczepanowski (lH * 22) in 1808-1809. Their 
work, which was sponsored by the British Association for the 
Advancement of Science, was the initial step in an investigation 
of the “chemical nature of cast iron.” The plan was to prepare 

00 
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pure iron, determine its properties, then to add singly the various 
elements contained in cast iron and thus determine the effect 
of each element upon the properties of the iron. 

Matthiesscn and Szczepanowski used four general methods in 
their attempts to prepare pure iron: 

1. Ferrous oxalate was precipitated, ignited, and reduced with 
hydrogen. Even with two precipitations as oxalate, the product con- 
tained sulphur. 

2. Ferric chloride was purified by sublimation, dissolved in water, 
and the hydroxide precipitated with ammonia. After filtering, washing, 
igniting, and reducing with hydrogen, the iron contained sulphur. 

3. Ferrous sulphate was fused with sodium sulphate. The resulting 
iron oxide was washed, ignited, and reduced with hydrogen. The iron 
contained sulphur. Replacement of the sodium sulphate with sodium 
chloride resulted in contamination with platinum from the crucible used 
for the fusion. 

4. Iron obtained by the above processes was treated with oxygen, 
steam, nitric acid, and mixed ammonia and oxygen, followed by hydro- 
gen reduction. The iron was still contaminated with sulphur. 

The third method was finally selected as giving the purest 
material and a considerable quantity of iron was prepared as 
follows : The purest ferrous sulphate obtainable was dissolved in 
water, the solution acidified with acetic acid, and hydrogen 
sulphide passed in to precipitate the heavy metals. After 
filtration the ferrous sulphate was twice recrystallized and then 
dried, first on a water bath and then on an air bath. Sodium 
sulphate was recrystallized several times to eliminate sodium 
chloride, which caused contamination by platinum. The crystals 
were then melted on the steam bath whereupon anhydrous 
sodium sulphate separated. The purified ferrous sulphate and 
sodium sulphate were mixed and fused in platinum. The melt, 
after cooling, was leached with boiling water. The combined 
product from six or eight fusions was washed by decantation 
until no sulphates could be detected in the wash water; the 
iron oxide was then ignited and reduced with hydrogen in a 
platinum crucible. The hydrogen, prepared by the action of 
sulphuric acid on zinc, was purified by passing through silver 
nitrate solution, lead acetate solution and over caustic soda. 
The spongy iron resulting from the reaction was compacted by 
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means of a diamond mortar and a copying proas. The resulting 
buttons were melted on lime, by means of an oxyhydrogen flame. 
After melting, the oxygen was shut off and the melt cooled in 
hydrogen. The investigators stated*"" 1 that the product was 
free from phosphorus, silicon, and calcium; the sulphur content 
was reported by one analyst as 0.0007 per (Hint, by another as 
0.00025 per cent. 

Methods involving the. precipitation of ferrous oxalate as a 
means of preparing a pure salt of iron have been rather exten- 
sively investigated. Dragendorff*" 41 in 1872 precipitated ferrous 
oxalate by addition of potassium oxalate to a ferrous chloride 
solution. The ferrous oxalate was ignited in the air and red need 
with hydrogen which had been purified by passage over pumice 
stone soaked in lead nitrate solution and over lumps of potassium 
hydroxide. MeGillivray* 721 also used the ferrous oxalate method 
of preparing a pure salt of iron, which was subsequently ignited 
and then reduced with hydrogen to form metallic iron. Although 
no analyses were given, MeGillivray stated that the product 
invariably contained carbon and oxygen. He therefore con- 
sidered the ferrous oxalate method inferior to the ferrous chloride 
method of purification. The ferrous oxalate method was studied 
in the early work at the Physikalisch-Technischo Reichsan- 
stalt, <l86 » U2 ' 170J hut it was found that iron prepared from the 
oxalate invariably contained manganese, as did iron prepared 
from the formate. A subsequent report* imn stated that a sample 
of oxalate, iron contained 0.025 per cent manganese, 0.02 per (tent 
copper, and 0.06 per cent nickel. 

Kreusler* 18<)) used the oxalate method to prepare iron, for 
which he claimed high purity. Ferrous oxalate, precipitated 
from ferrous ammonium sulphate solution, was ignited and 
reduced with electrolytic hydrogen which was carefully purified, 
as were all the reagents used. The resultant iron contained 
sulphur if glass or porcelain tubes were used. These materials 
seemed to be attacked by the hydrogen with the formation of 
hydrogen sulphide which contaminated the metal. Therefore 
silica tubes were used and, as iron oxide attacks those, it was 
necessary to inclose the iron oxide in a boat made from pure 
iron foil. The final product was obtained by reducing in hydro- 
gen, oxidizing again in a stream of pure air, reducing again with 
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hydrogen, and repeating this twenty times. As sulphur was 
still present in the product, Kreusler concluded that it came 
through the quartz tube from the flame used in heating and that 
electric heating would avoid the sulphur contamination. 

The spongy iron was pressed into rods by hydraulic pressure 
and melted by passing an arc between two rods in a vacuum. 
The beads of iron [largest 8 mm. (0.3 in.) in diameter] were 
stated to be very pure. Kreusler did not report a detailed 
analysis but estimated that the total of metallic impurities did 
not exceed 0.0001 per cent and that the amount of sulphur 
present was extremely low. The material could be cold rolled 
or drawn and was similar to platinum in appearance. The 
beads were not noticeably attacked by hydrochloric acid but 
dissolved readily in nitric acid. No measurable amount of gas 
was given off during heating in a vacuum, nor were the electric 
and magnetic properties affected by such treatment. However, 
neither the temperature coefficient of electric resistance (180) nor 
the magnetic properties (177) indicate exceptional purity. 

Crystallization of ferrous chloride also was employed to 
prepare a purified salt of iron that could be converted to the 
oxide, which in turn could be reduced to the metal. Mc- 
Gillivray's method, C72; which he preferred to the oxalate method, 
was to dissolve about 100 g. of iron wire, practically free from 
manganese, in pure hydrochloric acid, having a slight excess of 
iron. The solution was then diluted slightly and filtered into 
strong hydrochloric acid with agitation. The precipitated 
crystals of ferrous chloride were collected on asbestos wool, 
washed with a concentrated hydrochloric acid and sucked as 
dry as possible, after which the drying was completed between 
sheets of filter paper. The crystals were dehydrated by heating 
in a current of hydrochloric acid gas and finally were fused. 
After cooling, the melt was ground and the powder reduced with 
carefully purified hydrogen at a red heat. 

The direct reduction of iron chlorides by hydrogen (Peligot’s 
method C3) ) was investigated by Bagdasarian. (699) The reduction 
by hydrogen of ferric chloride to ferrous chloride was detectable 
at 100°C. (210°F.) and was rapid at 200°C. (390°F.). The 
following are some of his results for the reaction between hydro- 
gen or hydrochloric *eid and fused ferrous chloride: 
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Recent reports 0044, 1060/1 1 from the National Physical Labora- 
tory in England indicate that purification of ferrous chloride is 
the method there adopted for the preparation of a pure salt of 
iron. It was the former practice to electrolyze a solution of 
purified ferrous chloride with anodes of ingot iron and to subject 
the electrode} x>sited material to repeated melting in a vacuum 
and in hydrogen to eliminate gaseous constituents. The product, 
however, was contaminated by constituents of the ingot iron 
anodes; a sample which contained 0.022 per cent, nicked, 0.02 
per cent oxygen, 0.006 per cent carbon, 0.003 pen* cent chromium, 
0.001 per cent phosphorus, 0.0008 pen* cent copper, 0,0005 per 
cent silicon, and no sulphur and manganese was considered 
to be of exceptional purity. To eliminate* nicked the purified 
ferrous chloride* is now decomposed with steam, with subsequent 
reduction of the* oxide by means of hydrogen. The* .reduced 
iron is sintered, briquetted, and melted under hydrogem and 
finally melted in a vacuum. It is reported that, exclusive of 
oxygen, the total of impurities is 0.012 per cent, the chief impuri- 
ties being 0.0045 per cent carbon, 0.003 per cent manganese, 
and 0.0006 per cent nickel. Determination of the properties 
of this iron is reported to be in progress. 

After extended experimentation at the Physikalisdi-Teehnisohe 
Reichsanstialt <iao * u,2,170 ' ,8 °' 20 ^ with various methods of purifica- 
tion, it was decided that ignition of ferric nitrate, which had been 
purified by recrystallization, and reduction by hydrogen of the 
oxide formed offered the best means of obtaining pure iron. 
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In 1908, at the request of the Reiclxsanstalt, the firm of Kahlbaum 
prepared considerable quantities of iron by a modification of 
the above process. Carefully purified ferric nitrate crystals 
were melted at 50°C. (120°F.) and treated with gaseous ammonia 
with the formation of a dense red iron oxide and ammonium 
nitrate. After thorough washing to remove the ammonium 
nitrate, the oxide was ignited and reduced with hydrogen. The 
iron powder was melted in the oxyhydrogen flame. A rod of 
iron so made had the following composition : traces of carbon 
and silicon, 0.001 per cent of manganese, 0.004 per cent each of 
copper and nickel plus cobalt, and a few hundredths of 1 per cent 
of oxygen (as oxide). The ferric oxide produced by this method 
was undoubtedly of very high purity, as were some specimens 
of iron produced from the oxide. Great difficulty was experi- 
enced, however, in melting the reduced iron powder without 
introducing an amount of impurities which would destroy 
the value of the product. This difficulty apparently led the 
Physikalisch-Technische Reichsanstalt to abandon the produc- 
tion of iron by thermochemical means and to use electrolytic 
iron, furnished by the firm of W. C. Heraeus, in subsequent 
work on the properties of high-purity iron. 

For use in studying the corrosion of iron, Lambert and Thom- 
son (21G) prepared iron of unusual purity by first depositing iron, 
on iridium electrodes, from a solution of pure ferric chloride. 
After washing, the deposited iron was dissolved in dilute nitric 
acid and the ferric nitrate was crystallized by evaporation, 
filtered, and washed with concentrated nitric acid. The ferric ' 
nitrate was recrystallized four or five times, dried, and ignited 
in an iridium boat, which was then placed in a silica tube. The 
iron oxide was reduced with pure hydrogen at a temperature 
just above 1000°C. (1S30°F.). 

The hydrogen, prepared by electrolysis of a barium hydroxide 
solution, was passed over soda-lime and caustic soda. The 
Jena glass beakers and Gooch crucibles were cleaned by immer- 
sion for several weeks in concentrated nitric acid, and were 
kept in boiling nitric acid for several hours prior to using. The 
iridium boat was boiled with aqua regia and with concentrated 
nitric acid and was then ignited. The nitric acid was prepared 
by vacuum distillation, the distillate being discarded as long as 
non-volatile matter could be detected in a 50 cu. cm. sample. 
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Although Lambert and Thomson did not report analyses of 
their iron, it is generally considered to have been material of 
unusual purity, as a result of the careful purification of the iron 
salt and the extreme precautions which were taken to avoid 
introduction of impurities after the pure salt was once obtained. 
The iron did not rust in pure water and oxygen, even after several 
months’ exposure, whereas iron that was prepared in similar 
fashion, except that the final reduction was carried out in plati- 
num instead of in iridium, rusted readily as did iron prepared 
from commercial ferric nitrate. This unusual resistance to 
corrosion was cited as proof of the unusual purity of Lambert 
and Thomson’s best samples; in fact this material played an 
important part in the controversy whether theoretically pares 
iron would or would not rust in pure water. This discussion is 
reviewed in more detail in the subsequent chapter on corrosion 
of iron. 

A major difficulty encountered in the preparation of high- 
purity iron by reduction of iron salts with hydrogen is that the 
product, sponge iron, is susceptible to oxidation on contact with 
air, this susceptibility to oxidation increasing as the temperature 
of reduction is decreased. The presence of oxygon in reduced 
iron was discussed by ^^ylius‘ 3s:l, and by Sehonck and Ding- 
mann. <7:u>) If the reduction is completed at temperatures 
below 710°C. (i:U()°F.), according to Srmts and Wallagh, l084) 
or below 530°C. (98f>°F.), according to Tammann and Nitikin/™ 
the resulting iron is pyrophoric, i.c., the iron sponge is rapidly 
and completely oxidized on exposure to the atmosphere. If the 
reduction is completed at higher temperatures, the product is 
loss susceptible to oxidation. Ruer and Kusclmuum tH,,a) found 
that 100 g. of iron reduced at 750°(k (1380°I<\) absorbed as much 
as 30 rag, of oxygen when exposed to the air, but absorbed only 
10 mg. if the temperature of the reduction was carried to 10()0°(/. 
(1830°F.). The tendency of the reduced iron to re-oxidizo can 
be largely overcome by raising the temperature during the final 
stage of reduction to the sintering point, or preferably to the 
melting point, of the iron. 

36. Preparation of High -purity Iron in Atomic Weight Deter- 
minations.-"- One of the procedures in determinations of the 
atomic weight of iron has been the production of a pure compound 
of iron and reduction of this compound to the metal. Rotcrmma- 
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tion of the atomic weight is based on the relation between the 
weights of iron and of the salt from which the iron was reduced. 
Several of the early determinations were based on the weights 
of metallic iron and iron oxide, but prior to the work of Richards 
and Baxter < 97) the results of these determinations of atomic 
weight indicate either that the method was at fault or that the 
material was impure. 

Richards and Baxter C97) were unable to develop a satisfactory 
method for preparing pure iron halides for the atomic weight 
determination. Instead they prepared pure iron oxide and 
determined the ratio between its weight and that of the metal 
obtained by reduction with hydrogen. 

A solution of ferrous chloride was treated with hydrogen 
sulphide, and the precipitated heavy metals were separated 
by filtration. The solution was oxidized with nitric acid, and 
hydrated iron oxide was precipitated with ammonia and was 
washed. The precipitate was dissolved in sulphuric acid, and 
the solution was neutralized to precipitate basic ferric sulphate. 
This was dissolved in sulphuric acid, and the solution reduced 
electrolytically to form ferrous sulphate, which crystallized out. 
A solution of this ferrous sulphate was electrolyzed to deposit 
metallic iron, which was converted to ferric nitrate. After 
three recrystallizations, the ferric nitrate was converted to the 
oxide by heating at 150°C. (300°F.), crushing the cake formed, 
and finally igniting at 900°C. (1650°F.). A half-gram sample of 
the oxide was tested for the presence of nitrogen or oxides of 
nitrogen, yielding only a trace of gas. The oxide was then 
reduced with hydrogen. 

The value 55.883 for the atomic weight of iron, which Richards 
and Baxter obtained from this material, was slightly higher 
than the value 55.84 which is now accepted. However, the 
difference is less than 1 part in 1000, and the results in general 
constitute an endorsement of the high purity of Richards and 
Baxter's iron as well as the excellence of their technique. 

Recrystallization of ferric nitrate was the method used by 
Baxter and Hoover (253) for the preparation of pure iron oxide 
in a subsequent determination of the atomic weight of iron. All 
reagents used were carefully purified. Basic open-hearth iron 
was dissolved in nitric acid, and the solution was filtered through 
asbestos and evaporated to crystallization. The crystals were 
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separated from mother liquor in a platinum centrifuge. The 
nitrate was recrystallizcd four times from concentrated nitric 
acid. The crystals wens then heated, forming a mixture of 
basic ferric nitrate and oxide, which was reduced with hydrogen. 
The reduction was carried out at a low temperature until no 
mores water was evolved, the temperature was then raised gradually 
to 1100°C. (2010°F.) and was maintained at this point for several 
hours. About 60 hours' heating in hydrogen was necessary to 
obtain complete reduction; the loss in weight during 50 hours’ 
further heating in hydrogen was negligible. Tim gain in weight 
of about 15 g. of the reduced iron upon standing in a desiccator 
ranged from 0.01 to 0.12 mg,, indicating that little oxidation 
of the iron occurred upon exposure to air. 

Baxter and Hoover's determination of 55.8-1 7 for tins atomic 
weight of iron is accepted as one of tins best which has been made, 
and is in excellent agreement with other good determinations 
which wore based on the use of chlorides, bromides, or other salts 
of iron. Baxter and Hoover's iron is considered to be one of 
the purest irons ever produced, but this belief is based on factors 
other than direct analysis, as was the ease with Lambert and 
Thomson's iron. 

37. Hydrogen-treated Iron. — Iron of fairly high purity has 
been further purified with respect to certain constituents by 
treatment at elevated temperatures with hydrogen. Campbell, 
Itoss, and Fink 1602 * found that treatment of iron with dry hydro- 
gen at 950°C. (1740°F.) for 7 days lowered the carbon content 
from 0.018 to 0.009 per cent, and that treatment, with moist 
hydrogen under the same conditions completely doearburized 
the iron. The phosphorus content was not affected by either 
treatment, Pfeil (H01) completely decarburized iron containing 
0.11 per cent carbon by 0 weeks' treatment with hydrogen at 
750°C. (1380°F.). For the complete removal of oxygen from 
iron, liooney (ft7w found that a temperature of 1150°O. (2100°F.) 
or more must be used for the hydrogen treatment.; at tempera- 
tures between 900 and X10Q°O. (1650 and 2010° F.), part of the 
oxygen was removed in 2 hr., but increase in the time of treatment 
did not result in further removal of oxygon. These findings 
of Rooney are not in agreement with the results of Baxter and 
Hoover, (253) who obtained complete reduction of iron oxide with 
hydrogen at 1100°C. (2010°F.), although 60 hr. were required. 
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Prolonged treatment of iron with moist hydrogen at tem- 
peratures between 1300°C. (2370°F.) and the melting point 
resulted in remarkably high magnetic permeability, according 
to Cioffi. (87G ’ 9G4) He suggested that part of the improvement 
in magnetic characteristics was due to absorbed hydrogen but 
Yensen, in the discussion of Cioffks papers, objected to this 
hypothesis and offered the counter-suggestion that the effect 
was entirely the result of purification of the iron. Recent 
experiments, including those of Cioffi, (1049) confirm Yensen's 
contention and show that the improvement in magnetic charac- 
teristics is due primarily to the elimination or reduction in the 
contents of nitrogen and sulphur and, to a lesser extent, of carbon, 
oxygen, and phosphorus. Practically all of the hydrogen 
absorbed at high temperatures is eliminated from the iron as 
it is slowly cooled; the residual hydrogen is without harmful 
effects on magnetic characteristics. This subject is discussed 
in more detail in the chapter on magnetic properties. Bain (967) 
reported that a sample of CioffFs iron, which was prepared from 
open-hearth ingot iron by prolonged treatment with hydrogen 
at high temperatures, contained 0.028 per cent manganese, 
0.005 per cent carbon, 0.004 per cent phosphorus, 0.003 per cent 
sulphur, 0.003 per cent oxygen, 0.0012 per cent silicon, and 
0.0001 per cent nitrogen. Comparison of these results with the 
usual analysis of open-hearth ingot iron indicates that, as might 
be expected, the treatment with hydrogen at high temperatures 
reduced the content of non-metallic elements such as carbon, 
sulphur, oxygen, and nitrogen but did not affect the contents of 
manganese and silicon. Apparently the oxygen, sulphur, and 
nitrogen are removed more readily than is the carbon. In some 
recent experiments * a sample of ingot iron was treated in undried 
hydrogen at 1365°C. (2490°F.), with the result that the oxygen, 
sulphur, and nitrogen contents dropped to 0.002, 0.003, and 
0.0006 per cent, respectively, after 50 hours' treatment, but 
the carbon content was 0.006 per cent after 100 hours 7 treatment. 
The absence of siliceous materials and other refractories from the 
reaction chamber is advisable as these materials, are reduced 
by hydrogen at the high temperatures employed, with consequent 
contamination of the iron. Studies of the effect of prolonged 

■ * Data submitted by Dr. R. F. Mehl, Carnegie Institute of Technology, 
in a private communication. 
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treatment with hydrogen at high temperatures on the (composi- 
tion and properties of carbonyl iron are reported to bo in progress 
in several laboratories at the present time, but rc sports of those 
investigations are not yet available. 

38. Reduction with Carbon and Carbon Monoxide. Swedish 

charcoal iron is a product of tins refining, by oxidation and 
slagging of impurities, of impure forms of iron obtained by 
carbon reduction. Tins method of manufacturing Swedish 
charcoal iron is described in many of the iron and steel hand- 
books; Danielson, (,r,W)) in an article published in 1924, gave an 
excellent description of the manufacture and properties of this 
iron. The impurities, he stated, lie between the following 
limits : 


Element Percentage 

Carbon 0.02 to 0 . 00 

Manganese Trace to 0. 10 

Silicon 0.02 to 0.04 

Phosphorus 0.04 to 0.07 

Sulphur 0.005 to 0.010 

Varying quantities of slag also are present. In the discussion 


of Dyer’s paper, u>!n analyses of Swedish charcoal irons wore 
given in which the iron content, by direct determination, ranged 
from 99.900 to 99.945. Such analyses represent, commercially 
pure metals rather than the extreme purity obtained in laboratory 
samples. 

Charcoal iron which was imported from Sweden formerly 
was preferred for uses such as the manufacture of boiler tubes 
because it was tough and tubes made from it were less likely 
to split in expanding and beading during use in a boiler. How- 
ever, domestic charcoal iron has gradually supplanted the 
imported product; in the last twenty years very little Swedish 
iron has been used for this purpose,* 

39. Open-hearth Ingot Iron.— Open-hearth ingot iron, like 
Swedish charcoal iron, is a result of the oxidation and slagging 
of impurities in iron produced by carbon reduction. The first 
successful production of ingot iron in the basic open-hearth 
furnace seems to have been by Dyer a,;t) in 1892. With a charge 

* Private communication from Mr. G. II. Woodroffc, Metallurgical Engi- 
neer, Heading Iron Company, Reading, Pa. 
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of 50 to 80 per cent of scrap iron and 50 to 20 per cent of Swedish 
pig iron, he produced an iron of the following composition: 


Element 
Carbon .... 

Silicon 

Manganese . 
Phosphorus 
Sulphur .... 


Percentage 
. Trace 
. 0.005 
. Trace 
. Trace 
. 0.015 


Lime was added to the slag at frequent intervals to ensure its 
basicity. Great care and watchfulness were necessary, as the 
metal was liable to eat through the furnace, several melts being 
lost in this way. In Dyer's opinion, this tendency made the 
production of ingot iron too risky and difficult to be of commercial 
value. 

A process for the production of ingot iron in the basic open- 
hearth was developed successfully by Carnahan. This process, 
which was described by Carnahan (U. S. Patents 940,784 and 
940,785, November 23, 1909), Cushman/ 2 34) Aupperle, (206) 

Beck/ 4805 and Boylston/ 766) differs from the methods used in the 
production of mild steel in the maintenance in the furnace of 
strongly oxidizing conditions, with additions of iron ore to oxidize 
the impurities in the melt, and the use of a strongly basic slag 
to remove the oxidized impurities. Deoxidation is effected by 
additions of pig iron just previous to tapping the furnace and by 
addition of aluminum in the ladle. The properties of this type 
of product were described by Kenyon. (787) 

Operl-hearth ingot iron is more widely used and is produced 
in much larger quantities than are other forms of iron which are 
roughly comparable in purity, for example sponge iron or charcoal 
iron. In view of the complex nature of iron ores, and the diffi- 
culty encountered in purifying iron, open-hearth ingot iron is a 
commercial product of surprisingly high purity. The analysis 
of basic open-hearth ingot iron, represented by the standard 
sample of ingot iron No. 55 of the National Bureau of Standards, 
is as shown in the table at the top of page 72. The presence 
of so many elements in detectable amounts is evidence of 
unusual care and completeness in the analysis rather than of 
impurity of this particular specimen. A number of the ele- 
ments which were found to be present in this specimen ordi- 
narily are not determined in the analysis of ferrous materials. 
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Element Percon tage 

Carbon 0.013 

Manganese 0.019 

Phosphorus 0 . 003 

Sulphur 0.017 

Silicon 0.001 

Copper 0.041 

Nickel 0.020 

Chromium 0.002 

Molybdenum 0.002 

Cobiil 1 0.000 

Arsenic 0.012 

Aluminum 0.002 

Tin. 0.008 

Antimony 0.002 

Oxygen 0.07 

Nitrogen 0.0045 

Total of determined impurities 0,2225 


40. Sponge Iron. Sponge' iron, the product of the low- 
temperature reduction of iron ore, is not a particularly pure 
material; an iron content of 98 per cent is about the maximum 
obtained. Owing to the method of manufacture, however, the 
impurities, with the exception of sulphur, are largely unreduced 
and are present as particles of ganguc mixed with the iron but 
not combined or alloyed with it as in the product of a smelting 
operation. When sponge iron is melted many of the impurities 
rise to the surface and form a slag, leaving a comparatively 
pure metal. For example, in some experiments (unpublished) 
at the National Bureau of Standards a sample of Swedish sponge 
iron, after simple melting in an electric furnace, contained the 
following fixed impurities: 


Element 

Carbon 

Manganese . 
Phosphorus 
Sulphur.... 
Silicon 


Percentage 
. 0.030 
. 0.005 
. 0.002 
, 0.037 
. 0.005 


The great number of processes which have been devised for 
the production of sponge iron may be divided into two classes: 
those in which the reducing agent is employed in the form of 
coke or coal, and those using gaseous reducing agents such as 
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carbon monoxide, hydrogen, or mixtures of the two gases. The 
different processes have been reviewed by Wickenden/ 459) 
Whitfield/ 5 38) Fornander/ 555) Flodin/ G06) Edwin/ 668) Hodson 
and Smalley, (720) Longmuir/ 728) Wiberg/ 752) Williams, Barrett, and 
Larsen/ 7C3) Wtist/ 755) Waterhouse/ 8 69) Bull~Simonsen/ 963) and 
Kunze/ 974) but, of all the proposed processes, only those of 
Sieurin, of Thornhill-Anderson, and of Edwin seem to have 
achieved any degree of successful and continued commercial 
operation. The ensuing discussion is limited mainly to applica- 
tions of these three processes. 

The Hoganas Billesholm, A.B., at Halsingberg, Sweden, 
began large-scale production of sponge iron about 1911, accord- 
ing to Handy/ 283) using a process developed by their chief 
engineer, Sieurin. A Hoffman ring furnace, of the type used in 
the ceramic industry, was fired with gas from a low-grade 
Swedish coal. Saggei % s charged with alternate layers of iron ore 
and coal were run on cars into the charging compartment of the 
kiln, whence they passed in order through the preheating, 
reducing, cooling, and discharging compartments. The gases 
passed in the direction opposite to that of the charge, the air for 
combustion entering at the discharge end, where, in cooling the 
reduced charge, it was preheated. The gases from the reducing 
compartment passed through the preheating chamber and left 
the kiln at a temperature of 150 to 200°C. (300 to 390°F.). 
After reduction the sponge iron was concentrated magnetically 
and pressed into “pigs.” 

The ore used was slime from the Gillivare iron ore and con- 
tained about 70 per cent of iron with 0.010 per cent of phosphorus 
and 0.002 per cent of sulphur. A low-grade coal, with about 
35 per cent of ash and from 0.5 to 1.0 per cent of sulphur, was 
used for the reduction. To reduce sulphur contamination of 
the sponge iron, lime was mixed with the coal used in the charge. 
About 1.7 tons of coal were used for heating and reducing, per 
ton of sponge iron produced. 

The production by the Hoganas Billesholm, A.B., in 1925 
was about 15,000 tons per year. Fornander (555) stated that a 
plant using the Sieurin process was in operation in Japan, with a 
production of 20,000 tons per year. 

To utilize the iron sands at Kuji, Japan, which owing to their 
fineness (95 per cent through a 65-mesh screen) are not a suitable 
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material for the blast furnace, a sponge-iron plant using the 
Thornhill- Anderson process cmm * 7ru,) was constructed, with a 
capacity of 100 tons per day. The furnace had a slowly rotating 
circular hearth 3.65 m. (12 ft.) in diameter, heated indirectly by 
producer gas that was burned in 72 carborundum tubes. Iron 
sand and partially coked coal were charged continuously onto 
the hearth. During the 30 min. required for the passage of the 
charge across the hearth, the iron was reduced and thereafter 
was discharged from the hearth into a rotating tube externally 
(tooled with water. After magnetic concentration, the sponge 
iron was briquetted under a pressure of 2800 to 3500 kg. per sq. 
cm. (40,000 to 50, 000 lb, per sq. in.). The density of the bri- 
quettes was about three-fourths that, of iron. The briquettes 
could be charged directly to the steel furnace as they sink below 
the slag line. 

As recently as 1927, the A/S. Norsk Btaal atTrondhjem, 
Norway, were using the JOchvin proee«H <0bH ' fl07, for the manufacture 
of sponge iron. The unique feature of this process consisted not 
in the method of reduction but in the method of regenerating the 
gas. The spent gas was passed with a strong whirling motion 
through a tube several meters long in which a high-tension arc 
was maintained. The carbon dioxide reacted with carbon, 
injected in the form of crude oil, hydrocarbon gases, tar or oven 
powdered coal, to form carbon monoxide. For the reaction to be 
efficient, the gases must leave the regenerator at a temperature 
of 1600 to 17()0°C. (2910 to 3090°F.) which is too high for uses in 
the kiln. This excess heat was utilised by passing the gases 
through a layer of coke or coal, completing the reduction of 
carbon dioxide to carbon monoxide, and reducing the tempera- 
ture of the gas, which then passed through the reducing furnace, 
a rotary kiln. The preheated ore passing through tins kiln was 
reduced with the production of carbon dioxide. The spent gas 
passed from the kiln to a recuperator where it was cooled to about 
200° C. (390°F.) in heating the gas going to the regenerator. 
The cooled gas then entered the storage bell. 

An excess of carbon monoxide was generated continually in 
this process, and considerable water vapor also was formed. 
To eliminate the excess of carbon monoxide, from 10 to 15 per 
cent of the spent gas was passed over a catalyst, which caused 
the carbon monoxide and water to react, with the formation of 
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hydrogen and carbon dioxide. The latter was removed, and the 
hydrogen was returned to the system. 

An installation of the Norsk-Staal process at Bochum, Ger- 
many, was described by Bull-Simonsen^ 635 and by Kunze. (974) 
Trays of ore were preheated in the first of three furnaces, reduced 
in the second furnace, and cooled in the third. The reducing 
gas consisted of 40 per cent hydrogen and 60 per cent carbon 
monoxide. The sponge iron was briquetted for use as melting 
stock for the production of electric-furnace steel. Production 
was reported (974) to be 38 tons of sponge iron per day, but, 
according to Bull-Simonsen, (9G3;> the success of the operation was 
doubtful from an economic point of view. Private communi- 
cations to the authors indicate that the Bochum plant is not 
now (1935) in operation. 

Large-scale experimentation with the Hornsey- Wills process (&42) 
was conducted at Lorain, Ohio, by the United States Steel 
Corporation. C648) The ore passed continuously through three 
kilns; in the first it was preheated, reduction took place in the 
second, and the product was cooled in the third. A counter- 
current system was used, the reducing gases entering at the 
discharge end of the cooler. Sealed ends of the kilns prevented 
entrance of air and allowed reducing conditions to be maintained 
throughout the operation. 

In 1928 the Ford Motor Company was reported {758) to have 
been licensed to manufacture sponge iron by a method developed 
by W. H. Smith, the patent rights for the process being held by 
The General Reduction Company. As described by Water- 
house, (869) the ore was crushed smaller than in. and was mixed 
with a carbonaceous material and charged in a furnace similar to 
a coke oven. After preheating by the waste gases the charge 
passed to the reduction zone, where a temperature of 870 to 
980°C. (1600 to 1800°F.) was maintained. In the cooling zone 
it met the incoming air for combustion and was discharged 
below 120°C. (250°F,). 

A study of the production and use of sponge iron is now in 
progress in the laboratories of the United States Bureau of 
Mines. C1050> A recent public ation (1077) on this investigation 
describes the improvement in composition which results from 
heating the sponge iron to welding temperature and squeezing 
out the slag. 
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On account of its physical structure, the principal use of sponge 
iron is as a melting base, particularly in the manufacture of elec- 
tric-furnace steel. Of lesser importance is its use for “cementing 
out” copper and load from solutions of salts of these metals, the 
large surface area of the sponge* making it. an efficient precipitant. 
A vacuum-melted sponge iron, stated to contain 99.93 per cent 
iron, has been marketed under the trade name “Svea Iron,” unH) 
Its principal application reported to date is in the manufacture 
of vacuum tubes. When polished it is said to show high resist- 
ance to corrosion. 

41. Reduction by Metals. - The precipitation of iron from 
solution by a metal higher in the electromotive series, such as 
zinc (,) or manganese, (f>y> would hardly lie expected to yield a 
product of high purity in view of the probable .contamination 
by insoluble impurities from the precipitating metal, by salts 
in the solution, and by oxygen in drying. Nor would exceptional 
purity be expected of iron prepared at elevated temperatures by 
reduction of iron salts with metals, for example the reduction of 
ferrous chloride with zinc vapor , <HI the reduction of iron oxide 
by aluminum as in the Goldschmidt process/ 7 ** the reduction of 
the oxide by calcium as reported by Perkin and Pratt ur,:n or by 
sodium as proposed by Hiorth (Norwegian Patent 18,750, of 
1908). 

42. Summary of Reduction Methods. In the preparation 
of high-purity iron# by chemical methods, reduction with pure 
hydrogen is the most practical method of converting a purified 
compound of iron, usually the oxide, to the metallic state. 
Reduction can be completed at relatively low temperatures, 
but it is advisable to carry the temperature of reduction to 
1000°C. (1830°F.), or preferably even higher, to decrease the 
susceptibility of the reduced iron to oxidation. Reduction with 
hydrogen, does not affect the content of metallic impurities, 
consequently the purity of the reduced iron cannot exceed the 
purity of the oxide or other salt of iron. The irons prepared by 
Lambert and Thomson* 210 * and by Baxter and Hoover/-*' 8 * by 
reduction of the oxide obtained from an elaborately purified 
salt of iron, are considered to be two of the purest specimens of 
iron even* obtained. This belief is based upon the precautions 
observed in the preparation and upon some of the observed 
properties; analyses of the products wore not made. 
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Processes for the reduction of iron ore, either in smelting 
operations or in the production of sponge iron, have been designed 
for the production of iron on a commercial scale, rather than for 
the production of metal of utmost purity. The product of these 
processes in some cases is of satisfactorily high purity for a 
product of large-scale operations but has not been comparable 
in purity with the best irons produced by other methods. 

Iron can be produced by the reduction of its compounds by 
means of various metals, but such processes are not successful 
either in the production of high-purity iron or in the economic 
production of iron in commercial quantities. 

B. THERMAL DECOMPOSITION OF IRON CARBONYL 

The volatility of iron carbonyl and the facility with which 
it is decomposed into iron and carbon monoxide make it a possible 
medium for the purification of iron. 

The preparation of any considerable quantity of iron carbonyl 
by the first method of Mond, (49 * 50) who discovered the compound 
in 1891, was an extremely tedious process. Pyrophoric iron, 
made by hydrogen reduction of the oxide, prepared from the 
oxalate, was treated with carbon monoxide at room temperature 
until no more gas was absorbed. The temperature was then 
raised to 120°C. (250°F.), the iron carbonyl was distilled off, and 
the process was repeated. Mond, Hertz, and Cowap, C218) in 
1920, published results of a study of the effect of temperature and 
pressure on the reaction. With pressures from 150 to 300 
atmospheres the formation of iron carbonyl was greatly acceler- 
ated by increase in temperature up to 200°C. (390°F.), but above 
that temperature the yield decreased because of decomposition. 
Similar information was disclosed in Mond’s patent of 1908 
(British Patent 17,608, August 21, 1908), by Stoffel (249 ’ 316) in 
1911 to 1914, and by Mond and Wallis (480j in 1922. 

With added experience in high-temperature high-pressure 
technique for gas reactions, obtained in developing the Haber- 
Bosch process for the synthesis of ammonia, the Badische 
Anilin und Soda Fabrik about 1924 began manufacture of iron 
carbonyl on a large scale. DeLangeron, C726) in a paper published 
in 1927, stated that the temperature used was 140°C. (285°F.) 
at 50 atmospheres pressure. The iron prepared by hydro- 
gen reduction of iron ore was treated with either pure carbon 
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monoxide or producer gas. The principal use for the iron 
carbonyl formed was as an “anti-knock” compound for use in 
motor fuel. DeLangeron's paper includes a summary of the 
properties of iron carbonyl and an excellent bibliography. 

Beginning with 1924, a number of patents were granted to the 
I. G. Farbonindiisfrie, A. G., covering processes of preparing iron 
carbonyl and methods of preparing “pure” iron from it. Mit- 
tasch, C7UC) in 1928, published a description of the process used by 
the Farbenindustric for the production of carbonyl iron. Carbon 
monoxide, under pressure, was circulated over reduced iron at a 
temperature^!' 150 to 200°C. (800 to 390°F.), the carbonyl was 
separated by condensation, and the carbon monoxide returned 
to the reaction chamber. The carbonyl was decomposed by 
injecting it into a hollow vessel heated to 250°C. (4S0°F.). The 
iron was produced in a finely divided form with particle diameters 
of less then 0.001 mm. (0.000039 in.). Another method of obtain- 
ing iron from iron carbonyl, patented by Farbenindustric (.British 
Patent 281,963, June 25, 1927), was to pass the liquid or gaseous 
carbonyl into paraffin, paraffin oil, pyridine, or salts heated to 
270°C. (520°F,), or into molten lead or iron. Processes for 
recovering the finely divided iron which remained suspended 
in the gas stream after thermal decomposition included electric 
or magnetic precipitation, or passing the gas through paraffin oil 
(British Patent 269,677, January 23, 1926). 

According to Pineass, <HI,li) the Farbenindustric in 1929 used 
a process in which the reduction of the iron ore and formation of 
the carbonyl were completed in outs operation. Producer gas 
or water gas, with a hydrogen content of at least 5 pen* cent, was 
used to treat the ore under a pressure of 200 atmospheres at 
about 500° C. (930°F.). Careful regulation of temperature and 
pressure was necessary, and it was important that the gas velocity 
was such that not over 6 per cent by volume of iron carbonyl 
was present. According to Pincass, the carbonyl iron was used 
for the preparation of an iron catalyst for the synthesis of 
ammonia. 

A recent description of the commercial production of carbonyl 
iron in Germany is found in an article by Winter. <l0:w) 

Iron made by decomposition of the carbonyl contains up to 
1 per cent of carbon. It is reported that, to purify the iron, it is 
mixed with pxirc iron oxide, prepared by catalytic oxidation of 
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iron carbonyl, in such proportions that when melted under 
vacuum in a high-frequency furnace both carbon and oxygen are 
eliminated. Mittasch (796) stated that no sulphur, phosphorus, 
copper, manganese, nickel, cobalt, chromium, molybdenum, 
zinc, or silicon could be detected in this material by the most 
accurate analytic methods and that some iron had been prepared 
with a carbon content as low as 0.0007 ± 0.00016 per cent and 
with an oxygen content of less than 0.01 per cent. The electric 
and magnetic properties were stated to be excellent. 

The proponents of carbonyl iron claim that almost absolutely 
pure iron can be obtained by this process, but to date there is 
not enough information available to permit the unqualified 
acceptance of this claim. Two samples, of carbonyl iron, which 
were considered to be unusually free from metallic impurities 
were obtained recently through the courtesy of the Naval 
Research Laboratory, Washington, D.C., and the Metals 
Research Laboratory of the Carnegie Institute of Technology. 
Spectrochemieal examination showed that nickel, copper, magne- 
sium, aluminum, silicon, and calcium were present in one sample, 
and that copper, manganese, silicon, molybdenum, tin, chro- 
mium, nickel, magnesium, and aluminum were present in the 
other. Chemical analysis of the latter material confirmed the 
presence of seven of the nine metallic impurities and in addition 
showed that carbon, sulphur, phosphorus, oxygen, nitrogen, and 
hydrogen were present in small but detectable amounts, although 
the material had been subjected to a purification treatment in 
hydrogen at high temperatures. The major impurity in this 
sample was copper, which was present to the extent of 0.035 
per cent; the other metallic impurities ranged from 0.008 per 
cent of manganese to 0.002 per cent each of nickel and of chro- 
mium. The copper content alone would disqualify this sample 
from classification as an extremely pure iron, although it is 
possible that the observed copper content was the result, at least 
in part, of contamination which occurred during the treatment 
in hydrogen at high temperature. Additional analyses should 
be made to determine the composition of representative samples 
of carbonyl iron. 

The thermal decomposition of other compounds of iron is 
possible; for example, van Arkel (1075) described the production 
of iron by heating iron iodide in an evacuated glass apparatus 
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which contained a heated filament. The thermal decomposition 
of compounds of iron, other than iron carbonyl, has attracted 
little attention to date. 

The production of purified iron by sublimation processes has 
received relatively little attention. A recent report by Kroll <l,HS °J 
concludes that the production of very pure* iron, by means of a 
sublimation process, is not feasible on account of the distillation 
of impurities as well as of iron. 

C. MELTING OR COMPACTING 

Iron of high purity that is obtained by electrolytic or thermo- 
chemical processes usually must bo melted to become available 
in useful forms. Molten iron reacts with avidity with many 
materials, consequently great difficulty is encountered in main- 
taining the quality of high-purity iron during a melting opera- 
tion. Contamination of the melt may result from the products 
of combustion in fuel-fired furnac.es, from the vapors from the 
resistor in electric resistance furnaces, or from the refractory 
used to contain the melt. Contamination from the products of 
combustion or from resistor vapors can be avoided by the use 
of high-frequency induced curren ts , ( w* ,buH,7«7.iia i .tiaa.waa j or j>y 
other means, but contamination from the refractory 
container remains an important possibility. The choice of 
refractories is limited to materials which will withstand tem- 
peratures in excess of 1500°C. (2780° I 4 \) and which are free 
from impurities that will contaminate the melt. 

The danger of contamination of the metal naturally is not so 
serious in compacting as in melting operations as the former are 
carried out at relatively low temperatures. 

43. Melting.-™ Contamination of the metal by the products 
of combustion, was encountered in early attempts to molt purified 
iron sponge in gas-fired furnaces. Furnaces heated by 

various types of electric resistance units were tned (U2t » n4U) but 
yielded contaminated products. Heating the metal by means 
of induced high-frequency currents possesses obvious advantages 
for this type of melting operation and has been recommended 
by a number of workers. <ft07 » 6UB ' (i7s ' 7 ® 7 ^ 3l) The atomic hydrogen 
flame was used by Langmuir <(U0) to melt small rods of iron without 
danger of contamination by carbon, oxygen, or nitrogen, and 
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Kreusler (180) melted purified iron by passing an arc, in a vacuum, 
between two rods of compressed iron powder. 

Magnesium oxide has been selected by a number of investiga- 
tors as the best available refractory for the melting of high- 
purity iron. The workers at the Physikalisch-Technische 
Reichsanstalt cl8G) in 1908 were unable to prepare satisfactorily 
dense crucibles, but the technique of crucible preparation has 
been improved since that time. Directions for the preparation 
of small magnesia crucibles, bonded with a solution of magnesium 
chloride, were given by Jordan, Peterson, and Phelps (ft73) and 
by Sw anger and Caldwell. (946) The use of alcoholic shellac as a 
binder for magnesia crucibles was described by Mehl, Whitten, 
and Smith, (024) but it appears that the presence of organic matter 
in the refractory would be at least a potential source of con- 
tamination by carbon. Crucibles may be formed either by 
tamping by hand or by molding under pressure. The crucibles 
are usually air dried, baked, and finally fired in gas or electric 
furnaces. Tritton (637) prepared unusually dense molds by 
maintaining an arc between two carbon electrodes in the center 
of the rapidly rotating mold. The resulting crucibles had a 
porcelain-like structure and were reported to be capable of 
holding molten iron oxide. 

Electrically fused magnesia was used by Yensen (321 t in 1913 
for the production of crucibles in which electrolytic iron was 
melted in an Arsem vacuum furnace. This material, however, 
contained about 2 per cent of silica. Cain, Schramm, and 
Cleaves C349) subsequently found that the presence of as little as 
0.05 per cent of silica in the magnesia resulted in noticeable 
contamination of the melt by silicon. Cain, Schramm, and 
Cleaves were forced to apply additional purification to the best 
magnesia obtainable at the time of their experiments, but 
subsequent investigators (673j946) found that the quality of com- 
mercial magnesia had been improved and that the chemically 
pure or reagent grade was satisfactorily free from impurities. 
Other grades of magnesia, such as the fused magnesia of com- 
merce, were not sufficiently pure. 

Pure lime, alone or mixed with other refractories, was tried (18<5) 
without great success as a refractory for melting high-purity iron. 
Alumina, zircon, and zirconia have been tried, C186 ’ 673 ’ 946) but in 
general, these materials have not been available in sufficient 
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purity. However, a recent report by Turncr (1074) describes the 
use, with satisfactory results, of aluminum oxide which was 
exceptionally pure ; a trace of iron was the only appreciable 
impurity. Electrically fused thoria is an excellent refractory/ 940 * 
suitable for melting purified iron, but is difficult, as well as expen- 
sive to prepare. Beryllium oxide, a relatively new refractory, 
appears promising, as it is somewhat more refractory than 
magnesia and does not volatilize so readily, according to Hwanger 
and Caldwell. (U4n> 

The consensus of opinion appears to be that pure grades of 
magnesia have constituted the cheapest available satisfactory 
refractory for melting high-purity iron. The properties of 
thorium oxide are excellent, in some respects superior to mag- 
nesia, but thoria is not so readily available and is decidedly 
more expensive than magnesia. The limited information 
available to date, regarding refractory uses of beryllium oxide, 
indicates that this material may be useful as a refractory in 
the melting of very pure metals. 

44. Compacting. — SauorwaId (r,sm obtained solid iron by apply- 
ing pressures up to 5000 atmospheres to thin layers of iron 
powder. He ascribed the cohesion of the particles after release 
of the pressure to atomic affinity between particles brought into 
close proximity. Upon heating the iron so obtained, the tenacity 
increased with increase in temperature up a maximum, after 
winch it decreased with further increase in temperature. There 
was a notable increase in grain size when the metal was heated 
to temperatures near its melting point. 

A method of obtaining solid iron by compressing “pure” 
iron powder, such as carbonyl iron, under high pressure, treating 
it in a reducing atmosphere at a suitable temperature, and work- 
ing it. mechanically was described by Behlecht, Selmbardt, and 
I) uf tsehm id t , (9 40 » 9 of,) 

Processes for obtaining solid iron from sponge or powdered 
iron, without melting, have not been developed beyond the 
ex pe r i m on tal s t age . 

D, PREPARATION OF SINGLE CRYSTALS 

Large single crystals of a metal are valuable for the determina- 
tion of the constants of the material itself rather than an average 
of the properties of a number of crystals oriented in all directions, 
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each deformed by, and its properties affected by, the others. 
Large single crystals of iron occasionally have been found C654) in 
ingots or “ skulls,” but the crystal formation usually was imper- 
fect and the occurrence of these large crystals was accidental. 

Methods for the laboratory preparation of large single crystals 
of metals have been described by Carpenter < 054) and by Van 
Liempt. (80S) Carpenter classified the general methods into three 
groups, according to the formation of the crystals from the 
gaseous, liquid, or solid state. Van Liempt added a fourth 
method of growing large single crystals, by electrodeposition 
on a small single crystal. Most of the large crystals of iron that 
have been made in the laboratory have been prepared from the 
solid state by recrystallization of strained polycrystalline material 
in the so-called “strain-anneal” method. Deposition from the 
gas phase is difficult to control; deposition of single crystals from 
the liquid state is considered to be feasible only for metals 
which do not have allotropic modifications in the solid state; 
and, according to available information, electrolytic deposition 
on a small single crystal of the metal has not been used for the 
preparation of single crystals of iron. 

45 . Formation from the Gas Phase. — Fischvoigt and Koref C605) 
prepared single crystals of metals by deposition on a heated 
filament from a mixture of the gaseous metal chloride and a 
large excess of hydrogen. The apparatus and details of the 
method, particularly as applied to the growth of single crystals 
of tungsten, were described by Koref. (477; No details of the 
preparation of single crystals of iron were given, other than the 
statement that if the filament was heated to 900 to 1400°C. 
(1650 to 2550°F.) only unoriented polycrystals of gamma iron 
were deposited, but with the filament below 900°C. (1650°F.) 
single crystals of alpha iron could be grown. 

46 . Formation from the Solid Phase. — Edwards and Pfeil C563) 
developed a method of preparing single crystals of iron, based 
on the work of Carpenter and Elam on aluminum. This, in turn, 
was based on the observation of previous workers, notably of 
Sauveur, (265) that there was an abnormal grain growth in metals 
when they were strained beyond the elastic limit and subse- 
quently annealed. The procedure found by Edwards and Pfeil 
to give the maximum crystal growth in iron was as follows: 
The iron was heated at 950°C. (1740°F.) for 48 hr. in an atmos- 
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phore of moist hydrogen, and was then slowly cooled (Tor 12 hr.) 
to 100°C. (210°F.). This treatment produced decarburized 
material with a grain size of al>out 120 grains per sq. nun. In a 
later paper, Edwards and PfeiF 0(,3) modified the normalizing 
procedure and obtained the same grain size by demrburizing 
at 875° C. (1605°F.) for 48 hr. and heating to 1000°C. (1830°F.) 
for 12 hr., followed by slow cooling. The iron was then strained 
in tension to an elongation of 8.25 per cent, after which it was 
annealed at 880°C. (1015°F.) for 72 hr. 

Single crystals of iron so prepared were invariably coated 
with a polyerystalline layer. I f this surface coating was removed 
by careful filing to reveal the structure, the specimen could be 
heated to 880°C. (1015°F.) without recrystallization as a result 
of the cold work, if the decarburized iron plates were first 
deformed by cold rolling, annealing produced single crystals 
without the surface'! coating of polycrystnls. The latter behavior 
indicated that the surface crystals of the metal possessed some 
capacity of altering their shape without acquiring the peculiar 
kind of strain or change which makes abnormal growth possible 
during annealing. 

The iron used by Edwards and Pfeil for preparing single 
crystals was not particularly pure, as it contained 0.12 per cent 
of carbon, 0.23 per cent of silicon, and 0.44 per cent of manganese. 
The carbon content of the material after deearl mrization was 
not determined, but it was reported that, the presence of carbon 
could not be detected by microscopic examination. In another 
paper, Pfeil (0Kl) reported that a single crystal 5.5 in. in length 
by 0.5 in. in diameter and numerous crystals between 1.5 and 
3 in. in length by 0.5 in. in diameter were obtained from a mild- 
steel bar which contained 0.10 per cent of carbon, 0.004 per cent 
of silicon, 0.46 per cent of manganese, 0.034 per cent of sulphur, 
and 0.02 per cent of phosphorus. 

Osmond and Frdmont (134) in 1905 isolated single crystals of 
iron as large*, as 1.5 in. long by 0.75 in. in diameter from a rod 
used as a buckstave in an open-hearth furnace, and determined 
their properties. They found that the iron had been completely 
decarburized and the impurities largely slagged out, leaving 
almost pure iron. In discussion of Edwards and Pf oil's paper fW;i> 
O'Neill suggested that the combined effect of the straining of the 
iron by the heating and cooling of the furnace and the annealing 
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due to the heat of the furnace was the cause of the crystal 
growth observed by Osmond and Fr6mont. 

The method of Edwards and Pfeil was applied to vacuum- 
melted electrolytic iron by Gries and Esser. C831) They found 
that the optimum conditions were about the same as those 
specified by Edwards and Pfeil, namely, a grain size of 120 to 
140 grains per sq. mm., the use of tension rather than com- 
pression as a method of deformation, and an elongation of 3.00 
to 3.25 per cent. The maximum crystal growth was completed 
in 48 hours' annealing at 880°C. (1615°F.). Edwards and Pfeil 
found that the presence of carbon was detrimental to crystal 
growth and Gries and Esser found the presence of oxygen equally 
detrimental. 

Ziegler C913) used electrolytic iron that had been melted under 
vacuum and deoxidized by addition of carbon in an attempt to 
prepare, by the method of Edwards and Pfeil, round tensile test 
pieces composed of large iron crystals. The attempt was 
unsuccessful as there was obtained merely a shell composed of 
large crystals surrounding a core of poly crystalline material. 
It was concluded that the strain was not uniform across the 
cross-section of a round tensile test piece. Ziegler's failure to 
obtain large single crystals comparable to those obtained by 
Pfeil may have been due, at least in part, to the fact that Ziegler 
used electrolytic iron which was of higher purity than the mild 
steel used by Pfeil. 

In another experiment, a series of flat test pieces, prepared 
from basic open-hearth ingot iron, was normalized in moist 
hydrogen at 950°C. (1740°F.), strained to 2 to 4 per cent elonga- 
tion, and then annealed at 850°C. (1560°F.) for 72 hr. The 
greatest grain growth was obtained after elongation of 2.25 to 
2.50 per cent, which is somewhat less than the 3.25 percent 
recommended by Edwards and Pfeil. Ziegler thought that this 
difference might have been caused by a small variation in the 
properties of the original material as well as in the process of 
preparation. 

For use in magnetic tests, Ziegler made a series of rings, 
34 in. (13 mm.) high, % in. (16 mm.) in outside diameter, % in. 
(9.5 mm.) in inside diameter, of vacuum-melted electrolytic 
iron. These rings were normalized in moist hydrogen at 950°C. 
(1740°F.) for 24 hr., subjected to pressures of from 21,000 to 



86 


TUB MET Al.— IRON 


23,0001b. per sq. in. (1480 to 1620 kg. per sq. cm.) and re-annealed 
at 850°C. (1560°F.) for 72 hr. No single-crystal rings were 
obtained and only two rings became maerogranular. Exactly 
the same treatment which gave macrograined rings in some cases 
gave rings composed of microcrystals in others, indicating that 
there were unknown factors present which retarded abnormal 
crystal growth. 

A method for the growth of large crystals in solid polyorystal- 
line iron, but differing from the usual strain-anneal method, 
was devised by McKeehaii. c732> His method was based on 
control of the rate of recrystallization during the transformation 
of gamma to alpha iron. A portion of the length of an iron wire 
was heated to 1400°C. (2550°F.) or more by means of an electric 
current which entered and passed from the wire through sliding 
contacts. When the wire reached the desired temperature it 
was moved along, through the sliding contacts, with the result 
that one end of the heated portion passed beyond the contact 
and cooled off while an equivalent length of cold wire entered 
the heating zone through the other sliding contact. The rate 
of cooling of the wire and consequently the rate of passage 
through the gamma-alpha transformation was controlled by the 
rate of travel of the wire through the contacts. At a favorable 
rate of travel single crystals 20 cm. (7.87 in.) or more in length 
could be obtained in an iron wire 1 mm. (0.039 in.) in diameter. 
Crystals were prepared in vacuum and in hydrogen, the best 
results being obtained in hydrogen at atmospheric pressure. 
Electrolytic iron was used in most of the work, although some 
crystals were grown in iron which originally contained 0.8 per 
cent of carbon. The purity of the iron and its previous mechani- 
cal history were of little importance but any torsion or irregu- 
larity in the tension resulted in twinning. Polycrystalline 
surfaces, which were usually encountered in the strain-anneal 
method, were not present in the wire. 

47. Summary of the Preparation of Single Crystals. — Deter- 
mination of the properties of single-crystal specimens obviously 
is the best way to determine the basic properties of the metal. 
In ordinary polycrystalline metal a determination of a property 
is merely the average of the properties of a large number of 
crystals variously oriented. In many cases the properties of a 
metal vary with the crystal orientation. 
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The development of large single crystals of iron by slow 
cooling from the liquid state is not considered practicable, owing 
to the transformations and the consequent recrystallizations 
which occur in solid iron. The strain-anneal method has been 
successfully employed to develop large crystals of iron by 
recrystallization in the solid state. Best results have been 
obtained with thin strip specimens, strained in tension. Satis- 
factory results have not been obtained with thicker specimens 
of high-purity iron nor with specimens strained in compression. 

Long single crystals of iron, in a wire 1 mm. (0.039 in.) in 
diameter, have been developed by controlling the rate of passage 
through the gamma-alpha transformation, but there is no record 
of attempts to apply this method to specimens other than wires 
of small diameter. 

Single crystals of iron are not necessarily pure iron. Any 
element which is soluble in solid iron may be present in a single 
crystal in amounts up to the limit of solid solubility of that 
element. Electrolytic iron is the purest form of iron which has 
been used for the preparation of single crystals. 

E. AUTHORS’ SUMMARY 

Probably the purest specimens of iron that have ever been 
prepared were those of Lambert and Thomson (216) and of Baxter 
and Hoover. C253) Each of these irons was prepared by reduction 
with purified hydrogen of iron oxide obtained from ferric nitrate 
that had been subjected to an elaborate process of chemical 
purification. In each case only small amounts of the metal 
were prepared and the estimation of the purity of the product 
is based mainly on the care and precautions observed in the 
preparation; chemical analysis was not feasible on such small 
samples. 

Recrystallization of ferric nitrate has been employed with 
better success for the preparation of a pure salt of iron than has 
crystallization of other salts such as ferrous oxalate, sulphate, 
chloride, and formate. The product of these laboratory purifica- 
tion processes is spongy or powdered iron, obtained by reduction 
of the purified salt or oxide with hydrogen. The chemical 
activity of this product, even at low temperatures, necessitates 
protection from oxygen and other elements with which it might 
react. The conversion of spongy or powdered iron to solid 
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metal without loss in purity is difficult and requires careful 
selection of materials and procedure. 

Certain nun-metallic constituents can he largely or completely 
eliminated from solid iron by extended exposure, to hydrogen at 
high temperatures, but metallic impurities, if present, generally 
are not affected by this treatment. 

The purity obtained in commercial products such as charcoal 
iron, sponge iron, and open-hearth ingot iron is comparable in 
some, respects with that of commercial electrolytic iron but is not 
comparable with the purity obtained in laboratory products. 
Claims of extraordinary purity have been made for iron pro- 
duced from iron carbonyl, but authentic information to sub- 
stantiate these claims is not yet available. 

Single crystals of iron can be prepared for use in determining 
the basic properties of the metal. The preparation of single 
crystals, however, is not a purification process and the single 
crystals so far prepared have been made from iron of only 
commercial purity. 

The preparation of iron of extreme purity, approaching 
absolute purity as nearly as possible, and in quantities large 
enough to be useful, is an end still to bo sought. 



PART II 

THE PROPERTIES OF HIGH-PURITY IRON 




INTRODUCTION 


In this age of Iron and Steel, iron in one form or another is a 
familiar essential of our everyday life. It has been estimated 
recently C1029) that the amount of steel now in use throughout 
the world is about 1200 million tons, of which 700 million tons 
is in use in the United States. In view of the wide use of ferrous 
materials, it would seem that the fundamental properties of iron, 
on which the properties of all commercial irons and steels are 
based, would have been accurately determined long ago, but 
such is not the case. Some of the atomic properties of iron 
can be defined with certainty: it is element number 26 in the 
periodic table and is placed in the eighth group, associated with 
cobalt and nickel; its atomic weight is 55.84 ; (1047) it forms two 
series of chemical compounds, the ferrous series in which the iron 
is bivalent and the ferric series in which it is trivalent; there are 
two isotopes of iron, (992) a principal isotope of mass 56 and a rarer 
isotope of mass 54, the latter being about 5 per cent as abundant 
as the principal isotope; the chemical reactions of iron have 
been carefully' studied. However, even a casual survey of 
existing literature shows that the fundamental technologic 
properties of iron — mechanical, thermal, electric, and magnetic — 
cannot be stated with the precision which might be expected 
for the properties of such a familiar and widely used metal. 

The fundamental properties of iron could be accurately 
determined from metal which contained no trace of any other 
element but such iron has not yet been prepared, at least in 
useful quantities. Consequently, its properties have not been 
determined directly, and there is considerable recent information 
which indicates that many of the properties of a pure metal 
cannot be calculated with any degree of certainty by extrapola- 
tion to zero impurities of results obtained from a series of impure 
specimens of graduated composition. There are two serious 
objections to such extrapolation: (1) The relation between the 
effect and amount of an added element is seldom linear, especially 
for high-purity metals, and (2) it is practically impossible to 
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obtain a series of irons in which there is only one variable in 
composition. 

The effect of the presence of very small amounts of impurities 
in metals has received increasing attention from metallurgists 
during the past 15 or 20 years. Metals usually are produced 
from complex ores which contain a variety of constituents both 
metallic and non-motallic. The separation of a single; metal 
from such a heterogeneous mass is a difficult problem, particularly 
from the standpoints of economic operation and quantify produc- 
tion. It has long been known that certain properties of certain 
metals, for example, tin; ductility and electric conductivity of 
copper or the ductility of gold, were appreciably affected by 
the presence of a few hundredths of L per cent, or even by smaller 
amounts, of certain impurities. Such eases, however, were 
regarded as exceptions, and in general any common metal which 
contained 1 per cent or less of total impurities was considered 
to be satisfactorily pure. It is only in recent* years that the 
production of zinc, aluminum, ami lead in states of purify 
previously not obtainable has demonstrated that the elimination 
of apparently insignificant amounts of impurities may alter 
the properties of common metals to such an extent that the pure 
metal appears to be a new product, rather than an improved one. 
The production of aluminum foil and the successful development 
of zinc and zinc-base alloys for die casting resulted from the 
changed properties exhibited by these purified metals. In the 
case of iron the extraordinary magnetic permeabilities obtained 
in recent years on a few samples art; the result, at least, in part, 
of increased purification of the specimens. The present belief 
is quite general, that no fundamental property of any metal 
can be stated with certainty, or with precision, unless it has 
been determined from specimens of the pure metal. 

The need for reliable fundamental data for iron has developed 
as a result of the demand for new and improved properties in 
plain and alloy steels, to meet requirements of constantly increas- 
ing severity in metallurgical and engineering service. Alloys 
to meet these new requirements have been developed largely by 
“cut and try” methods. At least 12 metallic elements, alumi- 
num, chromium, cobalt, copper, manganese;, molybdenum, 
nickel, silicon, titanium, tungsten, vanadium, and zirconium have 
been added singly or in combination to iron which already con- 
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tamed more or less carbon, silicon, manganese, sulphur, phos- 
phorus, and perhaps other constituents, in the hope that the 
resulting heterogeneous mixture would have the desired property 
or combination of properties. If accurate data were available 
in regard to the fundamental properties of iron itself and the 
effect of added elements on these fundamental properties, it 
should be possible, at least to some extent, to substitute calcula- 
tion for hit-or-miss experimentation in the determination of 
properties of new alloy combinations or in the determination of 
the optimum benefit which can be obtained through addition 
of one or a combination of alloying elements. Certainly the 
starting point for any such exact knowledge is the determination 
of the fundamental properties of pure iron. 

The literature abounds in references to the properties of this 
or that specimen of “pure” iron but these claims of ultimate 
purity cannot be substantiated. In some cases the “pure iron” 
was commercially pure ingot iron. For several years “ electro- 
lytic iron” and “pure iron” were used interchangeably in metal- 
lurgical discussions, i.e., any iron produced by any process of 
electrodeposition was per se pure iron; no analysis was necessary. 
Confirmatory evidence likewise was considered unnecessary in 
the case of “pure” irons produced by other methods; a recital 
of the precautions observed in the process was assumed to 
guarantee the purity of the product. When chemical or spectro- 
chemical analyses have been made, they have seldom, if ever, 
considered all of the impurities which we now know may be 
present. Many of these irons deserve to be classed as high- 
purity irons; some of them may have been pure irons but this 
cannot be demonstrated, and even the purest irons did not agree 
in properties or behavior. 

The determination of purity in a high-purity metal, one which 
approaches absolute purity, is in itself a major problem. The 
limits of use of chemical analysis are reached when the purity 
of the metal is comparable to the purity of the analytical reagents. 
Spectrochemical analysis is exceedingly useful for the detection 
of certain elements but unfortunately the sensitivity is not 
uniform for all elements, in fact, the spectroscope is relatively 
insensitive to oxygen and carbon, two of the important impurities 
in iron. Determinations of various physical properties including 
thermal electromotive force, resistivity, temperature coefficient 
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of resistivity, magnetic permeability, temperature and sharpness 
of the allotropic transformations have been proposed as criteria 
of purity but the value of these determinations, as reliable indica- 
tions of purity, has not been established. 

These considerations perhaps explain the uncertainty which 
exists in regard to the fundamental properties of iron and justify 
the authors' attempt throughout the text to refer to high-purity 
iron and its properties, rather than to pun* iron. 

In the selection of material for the ensuing discussion of the 
properties of high-purity iron, the authors attempted to apply 
two criteria, (1) purity of the material and (2) precision and 
reliability of the determination. I )ata which satisfactorily 
conform to both criteria are relatively lew; in many cases either 
the purity of material or the precision of the determination cannot 
be defined; frequently the best available data were obtained from 
irons of commercial purity. Some data which the authors con- 
sider to be of doubtful value have been included for two reasons, 
to complete the review of available information and because the 
authors' opinion is not infallible in evaluating these reported 
results. In some instances it has been possible to supplement 
results obtained from the literature with hitherto unpublished 
information. 



CHAPTER IV 


STRUCTURE OF HIGH-PURITY IRON 

Cry dal Form- — Allotropy — M icrodructure — A uthors ’ S umrnary 

A study of the structure of a metal Includes determinations 
of the crystal form, of allotropic transformations and the condi- 
tions under which they occur, and of the microstructural features 
both usual and unusual. 

A. CRYSTAL FORM 

Opinions of early investigators differed regarding the nomen- 
clature to describe the appearance of crystals of iron. Peligot (3) 
in 1844 considered the crystals to be octahedra. Prior to 1864, 
Wohler, Miller, and Fuchs found that iron crystallized in the 
cubic system, according to Stead. (82) 

By about 1890 it was generally agreed that iron crystallizes 
in the cubic or isometric system. Linck (&7) in 1893 observed that 
octahedral or cubic faces, or both, might be present. Andrews C63) 
measured the angles of crystal faces in “ practically pure wrought 
iron” and found them to be about 120°. In 1898 Stead (82) stated 
that “by strongly etching pure iron, square crystals apparently 
in the form of flat plates are developed, confirming what is 
universally acknowledged, that iron crystallizes in the cubic 
system.” Osmond* 06 * in 1900 reviewed the previous w.ork and 
concluded that “iron in its three states crystallizes in the cubic 
system, gamma iron generally in octahedra more or less imperfect, 
beta and alpha iron in cubes.” Kahlbaum (87> reported that 
cubic crystals predominated in iron prepared by distillation, but 
that octahedra were present. 

Osmond and Gartaud (105) investigated the crystal structure of 
iron by a procedure involving the reduction of ferrous chloride 
by hydrogen at 650 and 810°C., and by zinc vapor at 1000°C., 
with formation of crystals in the alpha-, beta-, and gamma-iron 
ranges. Both alpha and beta iron crystallized in the form of 
cubes with frequent modifications of the edges; the crystalline 

95 



96 


THE M ETA L 1 EON 


form of gamma iron consisted of combinations of the cube and 
the octahedron derived from the cube. It was suggested that 
the crystals which Peligot^ produced by a similar process and 
considered to be octahedra were actually cubes with pyramidal 
(aids. Results of a study of deformation figures, crystalline 
figures, segregation figures, and twinning in alpha and gamma 
iron were summarized by Osmond and (-artaud tHrt) as follows: 


Properties 


Pla.ni*, s of translation 

Folds 

Planes of mechanical twinning. . 
Planes of twinning by annealing 

Face of maximum hardness 

Planes of easiest etching 


Alpha 

( kimma 

iron 

iron 

(111) 

(I 1 

i i) 

hnuinnnt 

Absent, 

(4 1 n 

(I 1 

i i) 

None 

(4 l 

i H 

(1 1 I) 

(o i 0 

t»0 1) 

(0 0 1) 


X-ray speetrographie investigations subsequently confirmed 
the belief, based on visual crystallographic examination, that the 
forms of iron which are stable at relatively low temperatures 
crystallize in the cubic, system, and extended the range of knowl- 
edge to include the crystal structure of iron at higher tempera- 
tures. These X-ray investigations are discussed below. 

48. Lattice Constants.--- The first Investigation of the crystal 
structure of iron by X-ray methods was that of llull t:,74 * :,7I, *' lw{n in 
1917 to 1919. He used iron powder which was prepared by 
reduction of iron oxide with hydrogen and concluded that the 
space lattice of alpha iron was a body-centered cube with an edge 
length of 2.86 Angstrom units at* room temperature. Wever c ‘ u>7) 
obtained somewhat lower values, 2.848 and 2.849 A., respectively, 
for the lattice constants of electrolytic, iron and of Kahlbaum 
reduced iron, but subset j u on fly t,,,s7) reported the value 2.863 A. 
for electrolytic iron at room temporal lire. 

X-ray methods for the determination of the crystal structure 
of iron at elevated temperatures wore first used by Westgren, C4W!) 
At 800°C -. he found the space lattice to be a body-centered cube 
with a lattice constant of 2.92 A. This agrees closely with the 
theoretical value for alpha iron at that temperature, bused on 
Westgrenh value of 2.83 A. for alpha iron at room temperature, 
and the coefficient of thermal expansion of iron. From this 
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Westgren concluded that beta iron, does not exist as an inde- 
pendent modification. Gamma iron was found to have a face- 
centered cubic lattice with an edge length of 3.60 A. at 1000°C. 
Westgren and Phragm<£n (403) extended the investigation to include 
delta iron whose structure was found to be the same as that of 
alpha iron, a body-centered cube. With refined methods new 
values were obtained for the lattice constant a as follows: 


Material a 

Alpha iron at, 1(>°C 2.87 A. 

Alpha, iron at 800°C 2.90 A. 

Gamma iron at. 11()0°C 3.63 A. 

Doll, a iron at 1425°C 2.93 A. 


The X-ray photograph of delta iron contained interfering gamma- 
iron lines, but Westgren and Phragmen modified their apparatus 
and subsequently^ 803 obtained a photogram free from inter- 
ferences which confirmed the fact that the structure of delta 
iron was the same as that of alpha iron. 

Owen and Presto n (483) reported 2.869 A. as the lattice constant 
of alpha iron at room temperature; McKeehan (523) gave the 
constant as 2.872 A. Davey (5G1) in 1924 reported 2.861 JL for 
“chemically pure” iron and in the following year C602) obtained 
values of 2.858 A. f or hydrogen-reduced iron and 2.855 A . for 
electrolytic iron. Wyckoff and Crittenden CG45) determined the 
space lattice of iron prepared by reduction of pure magnetite 
with nitrogen-hydrogen mixtures. The average of six deter- 
minations at room temperature was 2.859 ± 0.004 A. Eisenhut 
and Kaupp (77;{) obtained the value 2.863 A . on similar material. 
Brill and Mark, (7(J8) in the course of an X-ray investigation of 
the decomposition of iron cyanides, determined the lattice 
constant of the end product, alpha iron, to be 2.863 A. Os aw a ( 6803 
gave 2.865 A. as the value for Armco iron at 15°C. 

Precision measurements by the powder method were made 
by Blake (60B) on iron which was stated to contain some carbon. 
Results on this iron were checked against those on Burgess’ 
electrolytic iron with good agreement. Blake’s photograms, 
corrected for film shrinkage and penetration of the sample, gave 
2.8603 ± 0.0002 A. for the lattice constant of alpha iron at room 
temperature. Mayer (846) obtained the value 2.861 ± 0.0003 A. 
as an average of determinations on forty specimens of iron pre- 
pared from iron carbonyl. Mayer ascribed the difference 
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between his result and that of Blake to the probable use of 
different values for the lattice constant of sodium chloride which 
both investigators used in calibrating their apparatus. Recent 
determinations are 2.8607 ± 0.0002 A. for “very pure iron,” 
by Owen and Yates, C1020) and 2.8604 A. for vacuum-melted 
electrolytic iron, by Jette and Greiner. <I007> 


Table (>. — Lattice Constants of IIkjh- purity IitoN - 




Angstrom units 


Tempera- 

Kisser and M idler 


tu re, °C. 









Scihmi<ltn»*H> 


Sample 1 

Sample 2 

Sample 3 


20 

2.8611 

2.8611 

2.8017 

2.8611 

100 

2.8640 

2.8648 

2 . 8648 

2.8637 

200 

2. 8683 

2.8692 

2.8689 

2. 8672 

300 

2.8727 

2.8739 

2.8735 

2.8706 

400 

2.8780 

2.8785 

2 . 8784 

2.8743 

500 

2.8828 

2.8826 

2.8824 

2.8779 

600 

2.8877 

2.8879 

2 . 8884 

2.8816 

700 

2.8929 

2.8927 

2.8935 

2 . 8854 

750 

2.8945 

2.8940 

2.8950 

2.8874 

800 

2.8974 

2.8974 

2.8972 

2 . 8897 

850 

2.8997 

2.8986 

2.8985 

2.8924 

870 



2 . 8995 


875 

2.9008 



2 . 8942 

880 



2.9003 


890 




2 . 8953 

900 

3 . 6423 

3.6460 

3.6447 

3.636 

1000 

3.6520 

3 . 6559 

3.6541 

3.045 

UOO 

3.6598 

3 . 6669 

3.6628 

3.654 

1200 




3 . 662 

1300 




3.671 

1400 




3 . <*>80 

1400 




2 . 925 

1435 




2.927 


Unpublished results obtained by Jette and Foote included the 
following: 2.8604 for carbonyl iron of German origin ; 2.8607 for 
Merck’s iron which had been treated for 15 hr. in dry hydrogen 
at 500 °C. ; 2.8607 for a sample of carbonyl iron which had 
been treated for 24 hr. in dry hydrogen at 1490°C.; and 2.8605 
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for a sample of ingot iron which had been treated for 18 hr. in 
moist hydrogen at 1500°C. The first and last of these four 
results have been corrected for the effect of impurities known to 
be present. 

The effect of temperature on the lattice constant of iron was 
studied by Bach, (81G) Esser and Muller, <997) and Schmidt. (1028) 



Bach's limited data indicated a pronounced contraction in the 
lattice at the A 2 point, but this discontinuity has not been 
confirmed. Esser and Muller used three specimens: No. 1, 
electrolytic iron containing 0.01 per cent of carbon; No. 2, also 
electrolytic iron but containing 0.04 per cent of carbon; No. 3, 
carbonyl iron containing only a trace of carbon. Similar results 
were obtained for all three specimens throughout the range of 
temperatures in which alpha iron exists, but in the gamma field 
slightly higher results were consistently obtained from the car- 
bonyl iron. Schmidt also used electrolytic iron. Data from 
these two investigations are given in Table 6, the numerical 
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(lata ascribed to Schmidt being derived for even temperatures 
from his plotted results. Figure 5 is a graphic* presentation of 
the data of Esser and Muller and of Schmidt, with the four 
determinations of Westgren and Phragmen ( U>3) also shown. The 
data indicate that the lattice dimensions of alpha, gamma, and 
delta iron increase regularly with increasing temperature, in the 
range of temperatures in which each form of iron is stable. There 
is a marked increase in lattice constant accompanying the 
transformation from alpha to gamma iron, with a roughly 
equivalent decrease accompanying the transformation of gamma 
to delta iron. The few points which represent the limited data 
for delta iron lie approximately on an extension of tin* curve for 
alpha iron. 

49. Summary of Crystal Form of Iron. The results of X-ray 
speetrographie investigations have demonstrated that alpha 
and delta iron have identical crystallographic structure, that of 
body-centered cubes, while gamma iron has a face-centered 
cubic structure. The recent investigations of Mayer, CM4r,J 
Esser and M filler, Schmid t., <103H> Owen and ( Yates, CIU!i0) and 
Jot to and Greiner* 1007) agree on the value 2.801 A. as tin* lattice 
constant of alpha iron at 20°C. Hull (a7i0 in 1917 gave 2.80 A. for 
this constant, an indication of tin* precision of his work. 

The agreement between the values of the various investigators 
for the lattice constant at elevated temperatures is not entirely 
satisfactory. The values of Esser and M filler for alpha, iron are 
intermediate between the values of Schmidt and those of Baeh (SMJ) 
and Westgren and ldmigm6n. (,m) On the other hand, Schmidt's 
values for gamma iron are intermediate; between the values 
obtained by other investigators. For delta iron only a limited 
number of determinations have been reported, constituting an 
approximate extension of the curve for alpha iron. 

At the alpha-gamma transformation, somewhat above 1)()0°G, 
the body-centered cubic lattice of alpha iron, with an edge length 
of 2.90 A., changes to a face-centered cube with an edge length 
of about 3.64 A. The lattice constant of gamma iron increases 
with increasing temperature to 3.68 A. at the gamma-delta 
transformation at about 1400°G. At this temperature the 
face-centered cubic structure of gamma iron reverts to the body- 
centered structure of delta iron with a lattice constant of about 
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2.92 The structure of delta iron is that of a body-centered 
cube at all temperatures up to the melting point. 

B. ALLOTROPY 

Allotropy is the capacity of a material to undergo a change 
in the crystal structure, accompanied by a reversible change 
in many of its physical properties. 

50. Historical Review. — According to Osmond (48) the first 
reference in the literature to an anomaly in the properties of 
iron was that of Gilbert who in 1600 discovered the loss in 
magnetism which occurred when a magnet was heated to redness. 
Benedicks ,:r '" credited Angerstein with first calling attention, 
in 1778, to the recalescence in steel during cooling. The sudden 
elongation of an iron wire, cooling from a red heat, was observed 
by Gore (20) in 1869 and was confirmed in 1873 by Barrett C25) 
who also detected a sudden contraction during heating, and 
recalescence during cooling in the dark. 

According to Benedicks (254) the first report of Osmond of his 
classic work on the allotropy of iron was a manuscript presented 
in 1883 to the Academy of Sciences in Paris, in which was set 
forth the conclusion that iron exists in two allotropic modifica- 
tions. Osmond (48) subsequently reported three points of dis- 
continuity in the heating and cooling curves of electrolytic iron, 
which points he designated by the terms A 1} A 2 , and A 3 . As the 
discontinuities were not developed at exactly the same tempera- 
tures during heating and cooling, Osmond added the subscript c 
(chauffage) to signify the point obtained on heating and the 
subscript r (refroidissement) to indicate the point obtained on 
cooling. The discontinuity at the lowest temperature, the A x 
point, was correctly ascribed by Osmond to the presence of carbon 
(0.08 per cent). In modern language the A x discontinuity 
occurs at the temperature of the eutectoid between iron and 
iron carbide and does not represent an allotropic change in the 
iron itself. There would be no discontinuity at the A x point 
in pure, carbon-free iron. 

Osmond found that the Ac 2 point occurred between 710 and 
730°G., the Ar 2 point between 750 and 690°C. The third 
discontinuity, the A 3 point, also covered a considerable range 
of temperatures from 840 to 900°C. on heating, but was sharply 
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defined at 855°C. on cooling. (The temperatures reported 
by Osmond were in error due to the low temperature assumed 
for the melting point of potassium sulphate which was used 
in the calibration, of his thermocouples. About 50°(<. should 
be added to the temperatures reported by Osmond, in the 
temperature range of approximately 900°(h). Osmond con- 
sidered it probable that the A<> point was the end of the A n 
point, retarded by the presence of carbon, and concluded that 
4 * iron below Ar% possesses the molecular form alpha, and assumes 
above Ar% the nllotropio form beta. .Between A and Ar ih 
when these two points are distinct, the metal is a mixture of 
the two varieties alpha and beta.” Absence of indications of A» 
on cooling curves made by Roberts~Austen <f>n on electrolytic 
iron containing 0.007 per cent of carbon lent support to the 
belief that the As point was an effect of the carbon in Osmond’s 
iron. Later, however, Osmond* &H> found that the A» point 
coincided with the magnetic transformation and concluded 
that As and A a were separate points. Iron, therefore, existed 
in three modifications, alpha, beta, and gamma. Arnold m) 
expressed doubt that iron has allotropie modifications, ascribing 
the discontinuities to the presences of impurities, particularly 
carbon and sulphur. In a discussion of Arnold’s paper, Osmond 
cited the discontinuities in thermal expansion, electric resistance, 
magnetic susceptibility, and thermoelectric power observed 
at A -a by other investigators as evidence that the point repre- 
sented an nllotropio transformation. The investigation by 
Curie (<5 “’ (W in 1,894 on the effect of temperature on the magnetic 
properties of iron showed the As and A it points to bo separate, 
independent points and in addition revealed a third point, the 
A 4 transformation which, owing to the faulty pyrometry of 
the time, was placed at 1280°O. Previously, Bull** 17 * in the 
course of an investigation of the effect of temperature on the 
tensile properties of iron, had found indications of a discon- 
tinuity at a temperature estimated by him as I300°G. That As 
was a separate point in high-purity iron and not an effect of 
impurities was confirmed by Roberts- Austen in 1895 t07j and 
1899, <4)0) by cooling curves on electrolytic iron. 

The investigations of Osmond <u<1) in 1900 and Osmond and 
Cartaud (I06) in 1901 on the crystal structure of iron demonstrated 
that alpha and beta iron are alike in crystal form but are different 
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Temperature, °C. 

Investigator 

Date 

Material 







AC2 

a 2 

An 


Thermal analysis 


Carpenter and Keeling da 0 . 

1904 

Swedish iron 



762 

IIarkort.dS7> 

1907 

Swedish iron 755 to 762 


762 to 756 

Miil lord #«) 

1909 

Electrolytic iron 

770 


763 

Carpenterd7«) 

1913 

Electrolytic iron 



768 to 741 

Burgess and Crowe* 276 ) .... 

1913 

Electrolytic iron 

768 


768 

Guillet and Portevmdaa). . . 

1913 

Electrolytic iron 

788 


778 

Sauveurdo-d 

1913 

Electrolytic iron 

769 


725 

Sauveurdu) 

1914 

Electrolytic iron 

765 


759 

Ruor and Goorens< 338 ) 

1915 

Electrolytic iron 

769 


769 

Sanfourchedo®) 

1918 

Hydrogen- re- 

765 


746 



duced iron 




Tritton and Tfiinson® 6 ). . . . 

1924 

Electrolytic iron 

763 


763 

Rucr and Bododsu) 

1925 

Electrolytic iron 

769 


769 

Weverdfto) 

1927 

Electrolytic iron 



768 


Calorimetric methods 




Harkerdai) 

1905 

Soft iron 


825 


Weiss and Beekd87) 

1908 

Electrolytic iron 


758 


Meuthendo®) 

1912 

Electrolytic iron 


770 to 790 


Laseh ts c h enko dos) 

1914 

Electrolytic iron 


730 


Weiss, Piccard, and Car- 






rarddiso) 

1916 

Electrolytic iron 


784 


Wilst, Meuthen, and Dur- 






rerdo*) 

1918 

Electrolytic iron 


725 to 785 


Klinkhardtd2«) 

1927 

Electrolytic iron 


780 to 785 


OberhoiTer and Grossed®*). . . 

1927 

Electrolytic iron 


785 


U mined a) 

1927 

Electrolytic iron 


820 



Dilatometric methods 




Benedicks< 207 > . . 

1914 

Electrolytic iron 


767 


Chevenarddoo) . 

1917 

Electrolytic iron 


760 


Chevenarddoa) . , 

1927 

Electrolytic iron 


765 



Electric-resistance methods 




Morris*™) 

1897 

Charcoal iron 


765 


Meyerd4o) 

1911 

Kahlbaum iron 


700 


Meyerd-iu) 

1911 

Armco iron 


700 


Meyerd-*o) 

1911 

Electrolytic iron 


710 


BroniowskiC- 71 ) 

1913 

Electrolytic iron 


750 to 850 


Honda and Oguradoo) .... 

1914 

Kahlbaum iron 


810 


Burgess and Kellberg< 82 «) . 

1915 

Electrolytic iron 


757 


Saldaudss) 

1916 

Kahlbaum iron 


780 


Saldaudss) 

1916 

Electrolytic iron 


780 


Iitakadaa) 

1918 



790 



M agnetometric methods 




Curied*2,fl4) 

1894 

Soft iron 


750 


Morris* 7 ®) 

1897 

Swedish iron 


770 


Weiss and Book* 187 ). . . . 

1908 



753 


Terry* 22 ®). 

1910 

Electrolytic iron 


785 


Honda and Takagi* 242 ) . 

1911 

Kahlbaum iron 


770 


Honda and Takagi* 243 ) . 

1912 

Kahlbaum iron 


810 


Weiss and FoiSxduo) .... 

1911 

Electrolytic iron 


774 


Ruer and Kaneko* 8u >. . 

1914 



769 


Yensendab 

1914 

Electrolytic iron 


785 


Ruer and Bode*® 29 >, 

1925 

Electrolytic iron 


769 


Regner* 00 ®) 

1930 

Electrolytic iron 


767 to 762 



Thermoelectric methods 




Broniewski d7i) 

1913 

Electrolytic iron 


730 


Burgess and Scott/ 848 ). 

1916 

Electrolytic iron 


768 


Berliner* 40 ®) 

1923 

Electrolytic iron 


768 


Galibourgdn) 

1925 

Electrolytic iron 


780 
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from gamma iron. Stead and Onrpenter/ :WB) from a study of 
the roerystallization of electrolytic iron during annealing, also 
concluded that there Is no crystallographic difference between 
alpha and beta iron. 

An additional method for identification of the transformations 
of metals was described recently by Hayakawa/ 10021 lie found 
that irregularities occurred, at, the .1*. and .1 a points of iron, 
in the rate of emission of secondary electrons which are excited 
by a thermionic, current hut his results appear to be of qualitative 
rather than of quantitative value for identification of the At 
and An temperatures. 

51. The Point. In view of the readily demonstrable 
discontinuities in the properties of iron and the change in crystal 
structure observed at An, if was generally accepted that iron, 
undergoes an aliotropie modification at this point. At the /la 
point, however, no crystallographic change was detectable and 
only the magnetic properties show a marked anomaly. This 
difference between the At and An points resulted in a long con- 
troversy regarding the nature of An and the existence or non- 
existence of beta iron as a separate aliotropie form. Among the 
more important papers containing material on the* subject are 
those by Roscnhuin and numfroy/ t!2<u> Ben<Mlieks/'~ { ' 4 *'” , '‘ M ( -arpen- 
ter, l87 «> Ban veur, cau4,3,4) 11 oi ala and eoworkerH/ 242,2K,,M • aao ' 1 * a:l 1 - 4m ) 
Burgess and associates, <87fc,!|,,iC * :t4KJ ami Ruer and eoworkers/ 33Mi2y) 
A review of this controversial literature would hardly be profit- 
able* now, inasmuch as the X-ray work of Westgron (<w,w 
and others has demonstrated that, no crystallographic 
change occurs in iron below the An point. The change at the 
At point, according to Honda, (33<>u is not an aliotropie transfor- 
mation but is an mtennoloeular change related to the loss of 
magnetism. The results of Burgess and Crowe/ 2 ™’ Ruts* and 
Goorens, (88C) Tritton and Hanson, <tm} and Ruer and Bode fOSW) 
indicate* that At occurs at the same temperature on heating and 
on cooling without hysteresis. 

The temperatures which have boon reported for the A > point 
are given in Table 7. 

Averages of the* results which have been reported since 1910 
for determinations of the At point, including tin* numerical 
average of the Act and Art values determined by thermal 
analyses, are as follows: 
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Method A 2 , °C. 

Thermal analysis 765 

Calorimetric methods 777 

Dilatometric methods 764 

Electric-resistance methods 759 

Magnetomctric methods 780 


Av. 769 (1416°F.) 

52. The A 3 Point. — The A 3 point is the temperature below 
which iron exists in the alpha form, and above which it exists 
in the gamma form. The alpha-gamma transformation exhibits 
the hysteresis which is characteristic of many allotropic trans- 
formations, the change occurring at a lower temperature upon 
cooling than upon heating. The temperature range between 
the AC 3 and Ar 3 points decreases with decreasing rate of heating 
and, for very pure material with very slow heating and cooling, 
there is only a slight difference between the Ac 3 and Arz tem- 
peratures. Austin and Pierce (1046) and Mehl (1080) have found that 
specimens of hydrogen-treated carbonyl iron had a hysteresis 
of but 1 or 2°C., when heated and cooled at slow rates. However, 
it is only in the most recent investigations that this lack of 
hysteresis has been obtained. In the earlier reports there is 
invariably a considerable difference between the Ac s and Ar 3 
temperatures. 

The results reported for the temperature of the A 3 transforma- 
tion are given in Table 8. 

In order to arrive at a figure representative of the most 
probable value for the A 3 transformation in iron, the data of 
Table 8 have been critically reviewed. Data obtained from 
iron of completely unknown purity or of known low purity and 
values representative of but a single unconfirmed determination, 
or averages of a series which showed a wide spread, were dis- 
carded. From the remaining data only those values definitely 
known to represent the Ac 3 temperature were selected. Deter- 
minations of the Acz transformation give a better indication of 
the temperature of the A 3 point than do determinations of Ar 3 . 
The latter are noticeably affected by the rate of cooling whereas 
the Acz determinations are affected only slightly by the rate of 
heating. This was shown by Burgess and Crowe C276) for 
thermal-analysis methods and, according to Mehl, ( 10805 by Wells 
for dilatometric methods. 
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Table 8.— Temperature of the A a Transformation 





Temperature, 

*'{ !. 

Invest, igator 

I >at.« 

Material 









J An 



Thermal analysis 




Hoberts-Austen**" 1 

1801 

Elect rolytie iron 



850 

Arnold* 151 ) 

1804 

Electrolytic iron 

885 



Roberts- Austen 1971 

1805 

Elect rolytir iron 



805 

Carpenter and Keeling 11 ’* 11 , 

1004 

Swedish iron 



805 

II arl< ort.* 1671 

1007 

Swedish inm 

010 to 017 


888 to 875 

M tiller* '*»«) 

1000 

Electrolytic iron 

017 + 


804 

Burgess and Crowe* 3761 .... 

1018 

Elect rolyt ir iron 

012* 


800 

Carpenter*" 701 

1018 

Elect rolyt ir iron 

old" 


888 

Ouillet, and Portevin* 3 ' 131 . . . 

1018 

Elect rolyt ir inm 

082 


002 

Huuveur* 3141 

1014 

Elect rolyt ir iron 

015" 


805 

Ruer and < Joerons* 3301 

1015 

Elert rolytir iron 



000 

Kanfourrhc* 400 - 4 

1010 

Hydrogen reduced : 

050 


877 



iron 




Trillion and Hanson* 6 ** 61 . , , 

1024 

Elect rolyt ie iron 

012 + 


885 

Wever* 76 * 11 

1 027 

Elert rolytir iron 



OOO 

Harrington and Wood ,lw #> . 

1080 

I >t*rarlmri/.ed Armeo | 






iron 

1 

805 to 010 


002 to 874 


( 'alorimetric met hods 




Harker* 1311 

1005 

Soft iron 


805 


OberholTcr** 031 

1007 

Elert rolytie iron 


888 


Meuthen 13031 

1012 

Elect rolytie iron 


880 to 000 


LaHchtsehenko< : ii»«) 

1014 

Electrolytic iron 


805 


WttMt, Meuthen, and Dur- 






rer* ;,ufc ' 

1018 

Electrolytic iron 


010 


Ktinkhardt,' 7361 

1027 

Electrolytic iron 


OOO to 000 


OberholTer and Grosse* 7381 . . 

1027 

Electrolyt ir iron 


000 


Umino* 7481 

1027 

Electrolytic iron 


000 to 08t)j 


Elect rie-resist ance met hods 



Honda and Oaura*'""’ 01 

1014 

Knhltmum iron 


080 


Burgess anti Kell berg* 33 * 1 . . 

1015 

Electrolytic iron 


804 


Haitian* 3061 

1010 

Kahlhaum iron 

040 to 02( 


1020 to 010 

Haitian*^ 1 

1010 

Electrolytic iron 

010 + 


: 000 

li taka' MO 

1018 


050 


010 


Magnetometria met hot Is 




Weiss and Fot*x* 38,11 , . . 

1011 

Electrolytic iron 


020 


Yenson* 3311 . 

1014 

Electrolytic iron 



804 

Honda and Takagi* HJl 

1015 

Electrolytic iron 

011 + 


808 

Honda and TakagB 38 *) 

1015 

Electrolytic iron 

008 + 


880 

Jshiwara* 3771 , 

1017 

Electrolytic iron 


008 


Terry* mo, 

1017 

Electrolytic iron 

018+ 


008 

Austin and Pierce* 10 * 01 . 

1084 

Vacuum- melted elec- 






trolytic iron 


088 


Austin and Fierce* 10401 . 

1084 

llydrogeii-nu’lt rd in* 






got, iron 


017 


Austin and Pierce* 10401 , 

1084 

Hydrogen-treat ed ear 






bony! iron 


028 



* Designates selected value. Heo text, pages 105 and 108. 
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Table 8. — Temperature of the At Transformation. — ( Continued ) 





Temperature, 

°C. 

Investigator 

Date 

Material 

i 

1 




Acs j 

As 

Ars 


Dilatometric methods 


Charpy and Grenott 108 * 100 ). . 

1902 

Ingot iron 


860 to 890 


Rromewski< 47l > 

1913 

Electrolytic iron 


890 to 905 


BenedickH< MU7 ) 

1914 

Electrolytic iron 


903 to 906 


Chevenard< :,0( O 

1917 

Electrolytic iron 


870 


Souder and IIidnert< 4U0 h . . . 

1922 

Electrolytic iron 

912* 


906 

Satd<®»o> 

1925 

Electrolytic iron 

905* 


885 

Cl>(!ven:ird'“«) 

1927 

Electrolytic iron 


900 to 920 


I..- .-.or 

1927 

Electrolytic iron 

906* 


897 

1 1 1 m<1 :m<L Miura< 784 > 

1928 

Arm co iron 

860 to 895 


889 to 850 

Ilcnsel and I.uraonOooB), , t . 

1933 

Hydrogen-treated in- 






got iron 

935 


925 

Honsol and LarsenC 1006 ). . . . 

1933 

Electrolytic iron, vac- 






uum-mcHed and 






hydrogen-treated 

935 


915 

Hensel and LarsenO 005 *. . . . 

1933 

Electrolytic iron, hy- 






drogen-melted and 






hydrogen-treated 

921 


914 

Hensel and Larsendoon). . . . 

Aver- 





Austin and Pieroe< 1048 > 

age 

1934 

Cathode electrolytic 

930* 


911 



iron 

890 


912 

Austin and PiercG< 1048 > 

1934 

Electrolytic iron, vac- 






uum-melted 

938 to 949 


935 to 937 

Austin and PiereeO<w«) 

1934 

Electrolytic iron, hy- 






drogen-melted 

904 to 906 


920 to 911 

Austin and Pierce< 1048 > 

1934 

Ingot iron, hydrogen- 






melted 

912 to 917 


915 

Austin and Piereo< 1040 > 

1934 

Ingot iron, hydrogen- 






treated 

915 


911 

Austin and PierceO Q 4o) 

1934 

Electrolytic iron, 






vacuum-melted 

930 to 933 


927 to 925 

Austin and PierceO<Hfl) 

1934 

Carbonyl iron, hydro- 






gen-melted 

915 to 916 


911 to 913 

Austin and Pierce* 1048 ) 

1934 

Carbonyl iron, hydro- 






gen-treated 

930 


927 to 929 

Austin and Pierce* 1048 ) 

1934 

Carbonyl iron, hydro- 






gen-treated 

928 


927 

Austin and Pierce* 1048 ) 

1934 

Selected value 

929* 

| 927 


Thermoelectric methods 



1913 

Electrolytic iron 
Electrolytic iron 
Electrolytic iron 
Electrolytic iron 
Electrolytic iron 

i 


950 



1916 


895 



1916 

910* 

900 

Berliner* 408 ). 

1923 

910* 


900 

Goetz* 581 ) 

1924 

910* 


900 

f}n,lihnu*’p4 81 b 

1925 

905 to 940 


925 to 878 





Crystallographic methods 


Stead and Carpenter< 2W 9. . . 1913 Electrolytic iron 900 to 915 

Roberta and Davey <***>, . . . 1929 Purified nitrate, re- 
duced in hydrogen 907 to 910| 

Rogers < 886 > 1929 Electrolytic iron 912* 899 

Hydrogen-solubility method 

Sieverts< a48 > | 1911 | Kahlbaum iron 900 


* Designates selected value. See text, pages 105 and 108. 
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These factors limit consideration to the 18 independent 
determinations indicated by asterisks in Table 8, 

A summary of these 18 determinations for A a -a is as follows: 


Number and Method .-tea, *'(J. 

5 by thermal analy.siH 014 

5 by dilntomctnc methods . 010 

3 by inngnetometric methods , . 912 

3 by ihcrmoeloct ric methods 910 

I by elect rtc-rcMist acre methods 9 10 

1 by erystaJlo^raphic methods 912 


Av. 912 ( 1074 ’K.) 

The rounded value l)10°(b (1070°1<\) is probably 1 1 u ‘ best 
present approximation of the temperature of the da transforma- 
tion of iron. The results of I iensel ami Larsen and of Aust in and 
Pierce (Table 8) indicate that d« in iron of unusual purity may 
bo considerably higher than the average of the reported results* 
These high values were obtained principally on specimens of 
hydroge.n-t rented iron by measurements of thermal expansion 
although Aust, in and Pierce also obtained high results on three 
specimens by measurements of magnetic susceptibility. How- 
ever, these high values were not confirmed by the results of 
dilatometrie observations which were reported recently from the 
Metals Research Laboratory of the < -arnegie Institute of Tech- 
nology. The material which was used in these experi- 
ments was carbonyl iron which had been treated with hydrogen 
at 1200°C. for periods of about 200 hr. Slow rates of heading 
and cooling were used, which resulted in a spread of only 2 or 
3°0., and even of only l°(h, between the .lr and Ar temperatures. 
The A ca points determined for carbonyl iron, together with the 
cooling rates vised, wore reported as follows: 908 1 2"( h at 2°<J. 
per min.; 907 ± 2°(X at 0,l2f>°Cl. per min. The A rn deler- 
minations were as follows; 904° at 2°t h per min.; 900° at 0.5°O. 
pea* min.; 907° at 0.125°O. per min. 

It is evident that the spread between the Act and Ar* points 
can be practically eliminated by the technique and methods 
which are now available, but further work is necessary to decide 
whether or not the temperature of the A » t ransformat ion is 
appreciably higher for extremely pure iron than for somewhat 
less pure material. 
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53. The A 4 Point. — The A 4 point marks the transformation 
of gamma to delta iron, the range of stability of the latter 
being from A 4 to the melting point. The X-ray investigation 
of Westgren and Phragmdn (493) showed that delta iron is identical 
in crystal structure with alpha iron. Little information is 
available as to the amount of hysteresis at A 4, but it would be 
expected to be slight because the rate of reaction would be high 
at the high temperature of the A 4 point. The work of Terry C384 > 
indicated that it is negligible as compared with that at the A a 
point. The temperatures which have been reported for A 4 are 
given in Table 9. 


Table 9. — Temperature op the A 4 Transformation 


Investigator 


Date 


Material 


Tempera- 
ture, °C. 


A 4 


Thermal analysis 


Harkort< 1B7 > 

1907 

Swedish iron 

1380 

Ruer and Kaneko (202) . . 

1913 


1420 

Rucr and Klesper (293 > . . 

1913 

Electrolytic iron 

1401 

Ruer and Goerens (336) . 

1915 

Electrolytic iron 

1401 

Sanfourche (3£K,:> 

1918 

Hydrogen-re- 
duced iron 

1365 

Wever< 78l> >. 

1927 

Electrolytic iron 

1401 


Calorimetric methods 

Wust, Meuthen, and Durrer^ 396 ). . . . 

1918 

Electrolytic iron 

1404.5 

Oberhoffer and Grosse (735 > 

1927 

Electrolytic iron 

1401 

Umino< 8a7 > 

1929 

Electrolytic iron 

1390 to 1410 

Dilato metric methods 

Sat6 (C30) 

1925 

Electrolytic iron 

1400 

Magnetometric methods 

Weiss and Foex (250 > 

: 

1911 

Electrolytic iron 

1395 

Ishiwara^ 3775 

1917 

Electrolytic iron 

1390 

Terry ^ 3845 

1917 

Electrolytic iron 

1407 

Thermoelectric methods 

Goetz< S61 > 

1924 1 

Electrolytic iron 

1410 to 1400 
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Averages of values which have been reported since 1910 are as 
follows : 


Method A 4 , °C. 

Thermal Jirmlynis 1398 

Calorimetric methods 1402 

Diialometrie methods 1400 

Magnotomot.ric methods 1397 

Therinoelecit he methods 1405 


Av. 1400 (2550° I<\) 

This average value, 1400°G. (2550°F.), is probably the best 
present approximation of the temperature of the .1 4 point. 

54. Other Supposed Transformation Points. Numerous in- 
vestigators have observed discontinuities at temperatures other 
than those usually associated with the transformation points 
of iron and have suggested the possibility of tins existence of 
additional transformations. 

Birovit‘h a>3 “ J noted a discontinuity in the thermal expansion 
of electrolytic iron at 373°C. which he suggested was evidence 
of a polymorphic transformation. Rawdon, Elidnert, and 
Tucker* pointed out the probability that this was an (‘fleet 
of occluded hydrogen. Dearden and Benedieks (a{>7) found 
a discontinuity at 250°C. in the magnetisation-temperature 
curve of annealed electrolytic iron. Quenched electrolytic 
iron gave two points, 225 and 345°G. Anomalies observed by 
Porrer and Schneider iHHl1 in magnetization curves of electrolytic 
iron suggested to them the possibility that there arts two different 
types of pun 11 - iron stable at ordinary temperatures, one being 
formed by annealing at 200 to 400°C., the second by annealing 
at 450 to 900°0. 

Goffey and Thomps<m (M0) noted well-defined peaks, at 70, 120, 
170, 230, and 310°C1, in the coefficient of resisUvify-tcmiperature 
curves of electrolytic iron. Ishimoto,<* w,4J using tuning forks 
and torsion pendulums of high-purity iron, investigated the 
number of vibrations necessary to produce a certain degree of 
damping at different temperatures. Discontinuities at 65, 183, 
and 260°O. were found during heating; on cooling the points 
were at 65, 170, and 260°C. Brinoll hardness versus temperature 
curves showed discontinuities at about the same temperatures. 
Ishimoto’s points agree fairly closely with discontinuities found 
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by Goffey and Thompson^ 10) in their curves showing the change 
with temperature of the torsional elastic limit of high-purity 
iron rods. Borelius and Gunneson< 649) heated cathode electro- 
lytic iron in a vacuum at a constant rate and noted the increase 
in pressure due to emission of occluded gases. The increase in 
pressure plotted against temperature gave a curve showing 
accelerated emission at 150, 220, 300, 460, 530, and 600°C. 
At 730°C. an absorption of gas occurred. Pilling (4S5) in a similar 
experiment noted maxima in the rate of emission of occluded 
gases at 200°G. and between 600 and 700°C. Jaquerod and 
Gagnebin (830) found that the velocity of diffusion of hydrogen 
through iron increased suddenly at about 200°C. which agrees 
with Pilling' s result and is near the 220° C. point of Borelius 
and Gunneson. 

The results of determinations of complex mechanical properties, 
such as hardness and torsion, should not be interpreted in terms 
of allotropic transformations. In general, the cause of these 
reported anomalies has not been definitely established for iron. 
In the case of other metals, zinc for example, it has been shown 
that anomalies, which were observed for somewhat impure 
specimens, could not be found in more highly purified material. 
In the authors' opinion, these minor discontinuities are the 
result of the presence of impurities and do not represent allotropic 
transformations. In most cases the specific impurity has not 
been identified but in at least one case the supposed transforma- 
tion has been subsequently ascribed to the presence of hydrogen. 
Attention is called to the fact that many reports have been made 
of a supposed transformation at 200 to 220°C.; in the modem 
iron-carbon diagram approximately 215°C. (420°F.) is given as 
the A o point, which is not a transformation point of iron but 
represents the magnetic change in * cementite. There is no 
Ao point in pure iron. 

No allotropic change in iron below 0°C. has ever been observed, 
according to Heindlhofer. (106G) 

55. Summary of the Allotropy of Iron. — Iron has two allotropic 
transformations and a magnetic transition. The magnetic 
transition, the A 2 point, marks the change of ferromagnetic 
iron to paramagnetic iron. Methods such as thermal analysis, 
which determine the point at which the rate of change is most 
rapid, place it at about 770°C. (1420°F.). Magnetometric 
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methods, which determine the temperature at which the change 
is complete, place the A 2 point about 10 °C. higher. The mag- 
netic transition is without hysteresis, the change occurring at 
the same temperature on heating and on cooling. 

True allotropic transformations occur at the da and A 4 tem- 
peratures. A rounded value of 910°(b (lf>70°I<\) is suggested 
as the best present approximation for d a with the reservation 
that appreciably higher temperatures have been indicated by 
some recent investigations. It has been shown that with 
increased purity of the iron the difference between tin* de ;i and 
dr a points at slow rates of heating and cooling decreases to a 
temperature interval of 1 or 2 °<d. 

It is suggested that tins value M()()°(-. (2f>f>0°K.), which is 
the average of the reported values, be accepted as the best 
present approximation of the A 4 point for the gamma-delta 
transformation. 

Anomalies found by some investigators in various properties 
of iron at temperatures other than those of the d«, An, and 
A a points have suggested to them the possibility of additional 
transformations in iron. X-ray investigations have not con- 
firmed those suggestions. The A » and d* points in high-purity 
iron represent definite transformations and A *» is a magnetic 
transition point. Other reported transformation points pre- 
sumably were the result of the presence of impurities in the iron 
or of the determination of complex properties which should not 
be interpreted in terms of allotropic transformations. 

C. MICROSTRUCTURE 

The normal mierostruct uro of alpha iron or ferrite is that 
characteristic of pure metals in general ullotriomorphic crystals 
in the form of crystalline grains, the appearance of which is 
familiar to metallurgists and requires no comment. A great 
variety of structures may bo obtained in cathode iron by varying 
the factors such as current* density, temperature, circulation of 
solution, composition of electrolyte, gases and impurities in the 
electrolyte, and thickness of the deposit. The influence of these 
factors on surface defects such as treeing, pitting, channelling 
or grooving has been considered in connection with the electro- 
lytic preparat ion of iron. This section is concerned only with 
the internal structure of the deposited iron. 
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56. Structure of Electrolytic Iron.-— A study of the structure 
of cathode deposits by Burgess and Watts (142) showed that in 
the early stages of deposition the structure was fibrous, but 
with increasing thickness of deposit conical growths formed, 
the diameter of the cone increasing with continuing deposition. 
The bases of the cones were slightly rounded nodules which gave 
the surface of the deposit a blistered appearance. If the nodular 
deposits were given a sharp blow with a hammer, some of the 
conical-shaped growths were separated from the deposit leaving 
conical cavities in the iron. Magnification of 20 diameters 
of a polished and etched section of a nodule revealed a laminated 
structure, but at 250 diameters the structure was characteristic 
of that of ferrite, the grain boundaries being clearly visible. No 
differing orientation of the crystals, which in normal ferrite is 
revealed by light and dark patches, was apparent. Upon heating 
the specimen to 1000°C. the normal ferrite structure with differ- 
ent orientation of crystals was obtained. Burgess and Watts 
pointed out the similarity between the conical structure of the 
electrodepositcd iron and that of certain minerals such as manga- 
nite, hematite, and limonite. 

An investigation by Storey (317) was made primarily to deter- 
mine the effect of annealing on the structure of electrolytic iron. 
Three general types of structure were observed in the cathode 
iron prior to annealing, the nodular structure reported by Burgess 
and Watts, a fine-grained structure, more fibrous than the 
nodular structure, and a coarse, porous crystalline deposit. 
Lines parallel to the starting cathode, indicating surfaces of 
cleavage, were due to some interruption or change in the deposi- 
tion. The different layers were of variable structure, some 
being dense and hard while others were porous. Storey noted 
that in the case of metals solidifying from the molten state the 
crystals, starting from nuclei, can grow outwards in all directions, 
which results usually in different orientation in neighboring 
crystals. On the other hand, in electrodeposition the crystals 
can grow initially in but one direction — perpendicular to the 
cathode sheet. Several photomicrographs by Storey revealed 
the increase in grain size with increasing thickness of deposit. 
A section next to the cathode sheet and parallel to it showed no 
crystal grains at 100 diameters magnification, although at 
higher magnifications grains were discernible. In a cross section 
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through the middle of the deposit the grains were easily dis- 
cernible at 100 diameters while on the outside of the deposit 
the grains were of considerable size 1 . The same grain-size 
relation was shown by cross sections perpendicular to the eat hode. 
Storey also noted the spider-web appearance of some crystals, 
first reported by M filler. (1U,}) 

Hughes* 474 * distinguished between two types of structure in 
electrolytic iron which lie denoted by the pelrologieul terms, 
idiomorphic structure, resulting when the crystals composing 
the metal have had the opportunity to develop their external 
forms freely, and hyp-idiomorphic structure, resulting from 
the fact that, the component crystals have not had Mu? oppor- 
tunity to develop their forms and edges freely but have been 
compelled to take their shapes from their surroundings. In 
the early stages of deposition the electrolyte was arid, and iron 
deposited in a finely crystalline or fibrous structure?. As deposi- 
tion continued there? was a gradual change to a normal or coarsely 
crystalline? structure, developing with further exposition into 
the hyp-idiomorphic structure and finally into the idiomorphic 
structure at the? surface? of the? deposit. Hughes associated 
these.? changes with dc?cr<?asing acidity of the? electrolyte during 
deposition. 

Hughes also noted, C4!,H) in photomicrographs of etched sections 
of elecfrod<?posifed iron, wave-like? line's or markings running 
through the? mass of metal, sometimes in herring-bone arrange- 
ment. on individual grains. He suggested that those lines we?re 
slip lines produced in the? grains of the? metal by the force's of 
contraction acting during its formation. Abrupt, changes in 
direction of these line's within individual crystals indicated 
twinning. 

57. Factors Affecting the Structure of Electrolytic Iron.- Two 
characteristic types of structure, the normal (Fig. (V) and the? 
fibrous (Fig. 7), were found in electrolytic iron deposited from 
the Fischer-Langbein bath. In the normal structure all grains 
consist of cones with thin solid angle's toward the cathode sheet. 
The true normal structure? does not occur; deposits approximate? 
it more or less closely under certain conditions of deposition, 
namely, a neutral electrolyte and absence of motion in the 
electrolyte. The degree of approach to the normal structure? 
is affected to some? extent by temperature, current density, 
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concentration, absence or presence of floating matter, and 
other factors. The fibrous types of structure in longitudinal 



Fia. 6. — Conical structure in cathode electrolytic iron. Etched with 2 per cent 
alcoholic nitric acid. 150 X. (H'Wtf&cs.c 471 )) 

section appeared to be composed of a mass of threads or fibers 
at right angles to the cathode. This type of structure was 



Fig. 7. — Fibrous structure in cathode electrolytic iron. Etched with 5 per cent 
alcoholic picric acid. 100 X. ( Thomas and Blum.V 11 '*') 

characteristic of deposits formed in a well-agitated solution. 
Hughes considered constancy of concentration of iron ions at 
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the cathode, resulting from agitation of the solution, to he one 
of the requisites for formation of the fibrous structure, the other 
requisite being the presence of free acid in tin 1 electrolyte. 

It was pointed out by Blum and Rawdon MtW41 that the process 
of crystal growth in general consists in [a) tin* formation <>f 
nuclei, that is, of now crystals and (b) the growth of existing 
crystals. Although tin* actual constitution of the crystal nuclei 
could not be defined, it was concluded that the formation of 
nuclei, or of new cryst als, in elect rodeposit ion must be fostered 
by all factors which increase the difference in potential between 
the cathode and the solution. These factors include the follow- 
ing: (a) increasing the current density arid [h) decreasing the 
actual or effective metal-ion concentration in the solution 
adjacent to the cathode as a result of t 1 ) diluting or (2) cooling 
the solution, (IV) adding a salt with a common ion, (1) adding a 
substance such as a colloid which hinders t he processes of diffusion 
in tins cathode film, (5) increasing the viscosity, (t>) forming 
complex ions. Typical st ructures of elect rodeposit ed metals 
were classified into three major groups: 

1. All (or practically all) of the initial nuclei continue to grow. 

2. Only a part, of flu* initial nucha continues to grow. 

3. None of the initial nuclei continues to grow. 

It was shown that the fibrous, columnar, conical, and broken 
crystals of elect rodoposi ted iron could bo explained according 
to this classification and its subdivisions, Likewise, the size 
of the crystals and the phenomena of treeing and of twinning in 
olcotrodoposits could be explained. Audubert n,4l ' n also discussed 
the effect of the relative velocities of crystal growth and of nuclei 
formation on the structure of clod rodeposit ed met als. A paper 
by MaeFadyen Um5) on the building up of worn metal parts by 
olootrodeposltion of iron was illustrated with several photomicro- 
graphs of the different types of structure* obtained under different 
conditions of deposition. 

Gloeker and Kaupp <f,WM determined the orientation of the 
crystals in fibrous deposits of electrolytic iron, by means of 
X-ray. The axis of the fibers was found to be in the [1 1 1] 
or the [I 1 2] direction, depending upon the iron salt, used in 
the electrolyte; it was always in the direction of maximum 
velocity of growth of this crystal in the solution. Further results 
on the determination of crystal orientation in films of electrolytic 
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iron were reported by Bozorth. C596) For iron the (1 1 1) planes 
tended to be parallel to the surface. The results indicated to 
Bozorth that the special orientation obtained was intimately con- 
nected with the stresses which Kohlschtitter and Vuilleumier (391) 
have shown are present in electrodeposited iron. 

68. Veining and Network Structures in Alpha Iron. — Certain 
unusual structures in the ferrite crystals in various types of iron 
have been discussed in the literature. Andrews C63) observed a 
“substructure” in the ferrite grains of wrought iron and termed 
it “duplex crystallization.” Robin (264) also described this 
network existing within the ferrite grains. Storey ( 3 17) observed 
the presence of “inner grains” in the ferrite grains of remelted 
electrolytic iron. Storey's explanation of this phenomenon 
was as follows: 

The inner grains are probably groups of similarly oriented iron 
crystals. The orientation of all of these groups is alike through the 
ferrite grain. In slowly cooling from the molten state large gamma 
grains are formed. In changing from the gamma state to the non- 
gamma state the grain size remains the same. If we consider that, 
owing to the large gamma grains, a large number of non-gamma nuclei 
were formed in each gamma grain and that each nucleus was similarly 
oriented owing to similarly orientated gamma crystals, we can readily 
see that the ferrite grains would be composed of a large number of 
groups of similarly oriented crystals. These groups of crystals would 
constitute the inner grains. 

Tritton <743) split longitudinally one of the ferrite grains in 
remelted electrolytic iron and found it to be composed of columnar 
subcrystals. The slip lines, formed when the crystal was 
strained, ran across the numerous subboundaries in straight 
lines indicating similar orientation in the subcrystals. 

A study of unusual features in the structure of ferrite was 
made by Rawdon and Berglund. C738) They found that alpha 
veining, a phantom structure which appears on the surface of 
certain crystals of ferrite, was a common occurrence in electrolytic 
iron and open-hearth iron. Stronger etching than 's usual was 
necessary to reveal its presence, which may account for its 
infrequent observance elsewhere. That alpha veining, illustrated 
in Fig. 8, is not merely a surface marking but continues through 
the body of the crystal was shown by regrinding, polishing, and 
etching a marked spot on a specimen. After removal of con- 
siderable metal the same veining pattern was obtained as before 
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the rogrinding. Alpha veining was not observed in electrolytic 
iron as deposited but was found in this material after annealing 
at a temperature above the An point. Ferrite worked at or just 
below An showed alpha veining in abundance, but the same 
.material worked at a very high temperature usually showed 
very little. More drastic etching was required to reveal veining 
in quenched ferrite than in the slowly cooled material. Inclu- 
sions often served as centers at which veihing started but the 
■presence of inclusions did not appear to be* necessary for its 
formation. There was no indication that (ho presence of alpha 



Fm. 8. Alpha vmnm« in electrolytic iron. Ktehed with 5 per rent, alcoholics 
picric acid. 100 X. (Rauulon ami RvrtjtuiulR rx *') 

veining had any appreciable effect on the mechanical properties 
of the metal. That it is associated with the alpha-gamma 
transformation was indicated by the fact that silicon-containing 
ferrite, which has no transformation, showed little evidence 
of veining. 

The dependence of alpha veining on the alio tropic transforma- 
tion was confirmed by Ammermann and Korn fold/ 8 u) Some 
of their results on electrolytic iron (not remolted) are as shown on 
page 119. Mechanical deformation at temperatures below the A* 
point did not cause veining in ferrite previously free from it, but if 
veining was present mechanical deformation accentuated the con- 
dition. Hanemann, Schrader, and Tnngording (u7l,) found that 
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Treatment 

Air cooled from gamma 
state (above A 3 ) 

Reduced 10 per cent by 
comp r e s » i o n (c o Id), 
heated 1 hr. at 750°C. 
(1380°F.) 

Reduced 10 per cent by 
compression (cold ) , 
heated 1 hr. at 850°C. 
(15G0°F.), then 1 hr. 
at 880°C. (1615°F.) 

Reduced 10 per cent by 
compression (cold), 
heated 1 hr, at 850° C. 
(1560°F.), then 1 hr. 
at 910°C. (1670°F.) 


Structural condition 

Veining within ferrite 
grains 

Recrystallized, large 
grains, no veining 


No veining after heating 
to 850°C. 

No veining after heating 
to 880°C. 


Veining within ferrite 
grains. 


Conclusion 

Ferrite free from alpha 
veining can be ob- 
tained by cold working 
and heating below A 3 
to permit recrystalliza- 
tion. 


Ferrite free from veining 
shows no veining after 
being heated just below 
Az. 


Ferrite free from veining 
shows veining after be- 
ing heated just above 
A3. 


veining occurs at the boundaries of grains which have passed 
through the gamma-alpha transformation, and at the slip planes of 
grains which have been annealed after being cold worked. They 
suggested that it was thus possible to determine whether a piece 
of iron had been worked at temperatures above the gamma-alpha 
transformation or had been cold worked. 

The primary causes and the conditions necessary for the 
formation of alpha veining are still controversial matters. 
Ammermann and Kornfeld (990) believed that it was due not to 
the presence of impurities but primarily to passage through 
the gamma-alpha transformation, the alpha veins being vestiges 
of the grain structure which existed in the gamma condition. 
On the other hand Northcott Cl065> did not agree that passage 
through the gamma-alpha transformation is essential and 
supported the impurities theory. He found that veining was 
removed by annealing in hydrogen and was produced by anneal- 
ing in contact with ferric oxide. 

In addition to alpha veining Rawdon and Berglund C738) noted 
networks on etched ferrite grains which appeared to be associated 
with gamma and delta iron. The gamma and delta networks 
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did not appear simultaneously in the same specimen but either 
was often accompanied by alpha veining. The delta network 
(Fig. 9) was found only in ferrite in the east or slightly worked 
condition and appeared as a relatively coarse network super- 
imposed upon, but apparently unrelated to, the normal ferrite 
grain-boundary pattern. It consisted of minute inelusions 
in the ferrite which apparently outlined the grain structure 
of the iron when in the delta shite. The delta network seemed 



Fkk ft. —Dolt. a not. work in forrito graint*. Ktohod with a «af,uml.od aqueous 

solution of ammonium persulphate, 50 X. (Iiauulon and Htirglund.W™'*) 

to be related to the hot shortness found in ferrite but otherwise 
was witlumt effect upon the mechanical properties. The gamma 
network (Fig, 10) appeared superimposed upon the alpha grain 
boundaries but was found only in metal worked in the gamma 
condition or heated for a considerable length of time in the 
gamma temperature range, lake the delta network, its forma- 
tion seemed to depend upon the presence of minute inclusions, 
possibly also upon a slight solid solubility of certain substances. 
It had little or no effect upon the mechanical properties of 
the iron. 

59. Other Structures Found in Alpha Iron. - In a specimen 
of open-hearth iron which had been annealed in hydrogen for 
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100 hr. at 750 to 800°C., Rawclon and Berglund found evidence 
of twinning (Fig. 11), usually associated only with gamma iron. 
Mathowson cl018) stated that from theoretical considerations 
twinning would be expected to occur only exceptionally in pure 
iron, usually in the form of twin lamellae commonly called 
Neumann bands (Fig. 12); that the presence of impurities might 
stiffen the lattice sufficiently to permit twinning under favorable 



Fi«. 10. — Gamma network in ferrite grains. Etched with 5 per cent alcoholic 
picric acid. 100 X. (Rawdon and Berglund. c 738 >) 

circumstances; and that coarse-grained open-hearth ingot iron 
twins readily when deformed by impact. 

It should be noted that the previously discussed networks, 
occurring throughout the entire crystal, are entirely different 
phenomena from the patterns produced by the various types of 
high-temperature or heat etching. Such patterns are surface 
markings only, outlining the structure of the metal at the par- 
ticular temperature at which the etching treatment was applied. 
Most of the work on the structure of iron and steel as revealed 
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XAiu. H. Twinning in open-hearth iron, heated for about 100 hr. i: 

at 750 to800°C. 500 X- (Rauvion and BvrolumLO**)) 



Km. 12. Neumann bamlw in „ open-hearth iron. Ktehod with 5 
alcoholic picric,, acid. 250 X- (Hawdon and Bcrglund.VW)) 


hydrogen 


per cent 
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by heat-etching methods has been concerned with impure 
materials. Raw don and Scott, (409) however, investigated the 
structure of electrolytic iron at 700, 880, and 950°C., the polished 
specimens being heated in an evacuated furnace for 30 min. 
at the selected temperatures. The volatilization of metal at 
the grain boundaries caused the formation of slight crevices 
which recorded the microstructure of the metal at the etching 
temperature. When the etching temperature was above the 
transformation temperature there was in addition a slight 
“buckling” of the surface, due to the volume change which 
accompanied the transformation. The buckling further accentu- 
ated the outline of the grain boundaries. Specimens heated to 
700 and 880°C. showed a single network similar to that shown 
by iron etched at room temperature. The specimen heated 
to 950°G. showed two distinct patterns, one superimposed 
upon the other. One was similar in appearance to the 
usual ferrite structure, the other contained numerous straight 
lines and many inclosed grains having the appearance of twinned 
crystals. 

An apparatus for the visual observation of the A 3 transforma- 
tion was developed by Rogers. (855> A small specimen of polished 
iron was heated in a neutral atmosphere and the changes in 
appearance at different temperatures were noted. A phenome- 
non similar to the buckling described by Rawdon and Scott 
was observed at the A 3 transformation. The change did not 
occur instantaneously over the entire surface of the specimen 
but, on the contrary, originated at one side or in one comer and 
then spread over the surface. It was possible to record the 
successive stages of the transformation, as shown in Fig. 13, 
by means of a motion picture camera. Figure 14 is a picture 
of the transformation of alpha to gamma iron, taken at somewhat 
greater magnification than was used in Fig. 13. 

By quenching basic open-hearth ingot iron from a temperature 
of about 1400 Q G., Tritton <743) obtained an acicular structure 
which he described as either the martensitic or Widmanstatten 
type. Quenching from 1000 °C. gave only the normal ferrite 
structure. High-purity electrolytic iron did not have this 
martensitic structure after quenching from 1400°C. but electro- 
lytic iron containing 0.05 per cent of carbon did. This suggested 
to Tritton that the presence of a small amount of carbon is 





STRUCTURE OF HIGH-PURITY IRON 


125 


responsible for the “martensitic” structure in quenched ingot 
iron. The hardness of the iron with this type of structure was 
very little greater than that of the same iron in the annealed 
condition. 



Fig. 14. — Transformation of alpha to gamma iron. Heat etched. 100 X. 

(Rogers. < 8BB >) 


In a study of the orientation relationships between the gamma 
and alpha phases in iron of high purity, Mehl and Smith ci064) 
obtained Widmanstatten figures which resembled martensite 
in appearance. The material was electrolytic iron which had 
been purified by heating in a stream of undried hydrogen for 
93 hr. at 1200°C. The carbon content of this iron was 0.004 per 
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(H;nt. Very rapid quenching from temperatures between 050 and 
1 10()°G. was necessary, but the optimum conditions for the 
development of the Widmanstatten figures could not be defined. 
Meld and Smith stated that success in the development of the 
Widmanstatten figures was sporadic and unpredictable. The 
figures which were obtained delineated the (1 1 1) or octahedral 
planes of gamma iron. 

D. AUTHORS* SUMMARY 

There are three allotropic forms of high-purity iron, the 
alpha form stable at ordinary temperatures, the gamma form 
stable at intermediate temperatures, and the delta form stable at 
temperatures which approach the melting point. All three 
crystalline in the cubic system, alpha and delta iron as body- 
centered cubes, gamma iron as face-centered cubes. The 
lattice constant of alpha iron is 2.861 A. at 20°Cb, that of gamma 
iron is 3.64 A, at the temperature of the alpha-gamma trans- 
formation, and that of delta iron is about 2.92 A. at the tempera- 
ture of the gamma-delta transformation. The lattice constant 
of each of the three allotropic*. forms increases with increasing 
temperature in the range of existence of that form. 

The allotropic transformations of alpha to gamma iron and 
of gamma to delta iron are known, respectively, as the An and 
A 4 transformations. Earlier investigations indicated that an 
appreciable difference existed between the temperatures at 
which the A 3 transformation occurred on heating and on cooling, 
but recent work has shown that this difference can be reduced 
to only 1 or 2°C. through the use of purified specimens and very 
slow rates of heating and cooling. Hysteresis has not been 
observed in the A a transformation. It is suggested that 910°C, 
(1670°F.) and 1400°C. (2550°F.) be accepted, respectively, as 
the best present approximations for the temperatures of the 
An and A a transformations. 

In addition, to the two allotropic transformations, iron under- 
goes a magnetic transition, the A 2 transition, from ferromagnetic 
to paramagnetic iron. The temperature at which the rate of 
change is most rapid, as determined by methods such as thermal 
analysis, is about 770°C. (1420°F.). The temperature at which 
the change is complete, as determined by magnetometric meth- 
ods, is about 780° C. (1435°F.). 
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The existence of transformations other than the A z transition 
and the A 3 and A 4 transformations has not been established. 

The microstructure of electrolytic iron varies with the condi- 
tions of deposition ; such terms as fibrous, columnar, conical, 
nodular, and broken have been used to describe the appearance 
of different deposits of electrolytic iron. Crystalline grains, 
which are characteristic of the structure of pure metals in general, 
constitute the usual microstructure of high-purity iron, either of 
electrolytic or of other origin, after it has been melted. Various 
phantom structures and substructures, such as alpha veining 
and the formation of Widmanstatten figures, have been observed 
in. certain grains of iron, but the significance of these figures 
and the conditions which are essential for their formation are 
still uncertain. Twinning is usually associated with gamma 
iron but has been observed, in alpha iron as well. On theoretical 
grounds, twinning should be observed only rarely in very pure 
iron. 



CHAPTER V 


THERMAL PROPERTIES 

Mulling Point, Vapor Pressure, and Boiling Point Ural Capacity — 
Thermal Conductivity Thermal Expansivity Authors' Summary 

The thermal properties of a metal are important to tin* producer 
of the raw material as well as to the user of the finished product. 
Melting operations and refining in the molten state must be 
carried out at temperatures above the melting point of the metal. 
The amount of heat required to reach such temperatures varies 
with the heat capacity of the metal. The upper limit to which 
a molten metal may bo heated is its boiling point, but in the case 
of iron this property is of theoretical interest rather than of 
practical importance. The boiling point of iron is far above 
the melting point and also above the temperatures employed 
in molting and refining operations. Determinations of the 
vapor pressure of iron have been used chiefly to estimate the 
boiling point of the metal. At the temperatures to which iron 
is ordinarily subjected the tendency of the metal to vaporize 
is negligible. The heat capacity and thermal conductivity 
obviously are important in many uses of solid iron. The thermal 
expansion, that is, the change in dimensions with changing 
temperature, is of vital importance in iron or any other structural 
material. 

A* MELTING POINT, VAPOR PRESSURE, AND BOILING POINT 

Previous to 1904 the melting points ascribed to iron ranged 
from 1500 to 1804°C. The 1905 edition of Undoll and Born- 
stein's Tables reported the melting point of iron as between 
1500 and 1600 o C„ an indication of the indefiniteness of the 
information available at that time. The early work on the 
melting point of iron was briefly reviewed by ('urpontor. CI74) 

With the development of more precise high-tem perature 
technique the subsequent history of the melting point of iron 
became largely a record of increasingly accurate values, due to 
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increasing purity in the materials used, to more effective pre- 
cautions against, contamination during the melting operation, 
and to adoption of a more accurate value for the constant C 2 in 
Wien's radiation formula, which is of fundamental importance 
in the calibration of the optical pyrometer. 

60. Early Determinations of the Melting Point of Iron. — 
Carpenter and Keeling (121) in 1904 obtained the value 1505°C. 
for the melting point of a Swedish charcoal iron containing 
0.11 per cent of recognized impurities. The iron was melted 
in magnesia in an atmosphere of carbon monoxide. The tem- 
perature scale was based on a platinum point of 1710°C. Correc- 
tion to more recent values for the platinum point would raise 
the result of Carpenter and Keeling considerably. Burgess C153) 
determined the melting point of an electrolytic iron which 
contained 0.101 per cent of reported impurities, and that of a 
sample of Kahlbaum reduced iron; the former melted at 1507°C., 
the latter at 1499°C., both determinations being made by means 
of the micropyrometer. Harkort (157) reported 1504°C. as the 
melting point of a Swedish charcoal iron when melted in magnesia 
under carbon monoxide. Saklatwalla (184) obtained the value 
1510°C. by melting electrolytic iron made by Merck's process 
in an Arsem furnace, using a magnesia crucible and a nitrogen 
atmosphere; the analysis of the iron was not given. Muller cl96) 
found a rather impure electrolytic iron (reported impurities 
totaled 0.196 per cent) to have a melting interval of 1485 to 
1525°C. and a freezing interval of 1505 to 1485°C. A freezing 
point of 1525°C. was found by Loebe and Becker (261) for a 
Swedish charcoal iron with 0.16 per cent of determined impurities; 
the iron was melted in porcelain under carbon monoxide. 

During the years 1910 to 1917, Ruer and his co workers made 
several determinations of the melting point of iron in connection 
with their study of iron-alloy systems. Ruer and Schuz (221) 
found that the freezing point of an ingot iron with 0.20 per cent 
of total reported impurities was 1502°C. Later, Ruer and 
Kaneko (292) and also Ruer and Fick (291) gave the melting point 
of the same material as 1524°C. 

The investigations so far reviewed have been included as 
matters of interest but the results are of doubtful value in view 
of the lack of precision in methods and of the questionable 
purity of materials. The following investigations are con- 
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sidercsel by the authors to respressesnt the best and most reliable 
work to date and the results of those investigations have been 
used in arriving at a probable value for the melting point, of iron. 

61. Later Determinations of the Melting Point. Ruer and 
Klesper (3i,;0 reported the freezing point of Langbein-Pfanhauser 
electrolytic iron as 1528 0 (.h Tins impurities present in the 
material wore reported to bo: carbon 0.009 per cent; sulphur 
0.001 to 0.002 per cent; copper 0.03 per cent; silicon, manganese, 
phosphorus, nickel, and chromium, Mono; total of determined 
impurities, 0.04 per cent. The iron was melted in porcelain 
in a nitrogen atmosphere. Temperatures were measured by 
thermocouples, with the upper temperature scale based upon 
14f>l°(.h as the molting point of nicked. If a correction is made 
to 1455°(k, the nickel point tulM) on the International temperature 
scale, the inciting point of the iron becomes 1533°(k Rumelin 
and Fick c;ua) reported lf>2(>°(h as the melting point of the* same* 
electrolytic iron but used Ruer and Klesper\s value of 1528° tk 
in their tables. Ruer and Ge>erens <aM) also reportesel 1528°(k as 
the melting point of this electrolytic iron. As tins value* 1528°(k, 
resported sesvesral times by linear and his esenvorkors, was obtained 
on identical material and under the* same* cemelitions in e*ach 
case, the value corrected te> 1533°(k has besesn use*el but one*.e 
in the deprivation of an average* valuer 

With the* aid of an impreived design of nueropyronieter, Burgevss 
and Walle*nbe'rg f;,U(n dctcrmincel the me»lting points of five* eliffer- 
ont samplers of high-purity iron. Three were* electrolytic irons 
from different sourness, ones was Kahlbaum re‘du<*e*el iron in 
powdesr fe>rm, and erne* was iron reselucesel by hydrogem from 
Kahlbaum iron oxides. f .rhe compe>sitions of these samples 
and the results obtained for their medting points ares slmvvu in 
Tables 10. The derived values of 1533°(h was basesd upon flies 
value 1549°C. for the palladium point. If a correction is maele 
to 1555°(k* the palladium pomt <H2,M) on the* present scales • 
Burgess and WalUsnberg’s value fe>r irem bescom<*s 1538°( k 

Melting point detesrminations wesre also made* by Burgesss and 
Waltemberg on crucibles melts of tdectrolytic irem in vacuum and 
in hydrogen using an Arsem furnace. Temporal, ure*s wesre 
determined by an optical pyromester, The average* of six 
determinations, four in vacuum and two in hydrogem, was 
1528°Ck, using a temperature scale basesd upon the values 1.450 cm. 
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Table 10. — Melting Point of High-ptjrity Iron* 


Sample 

Source 

Composition, per cent 

Melting 
point, °C. 

C 

Si 

Mn 

s 

p 

Cu 

Total 
of deter- 
mined 
impuri- 
ties 

Electrolytic iron 

C. F. Burgess 

0.012 

0.013 

0.00 

0.00 

0.004 


0.029 

1534 

Electrolytic iron 

Lungbcin-Pfanhouser 

0.00 

0.00 

0.00 

0.00 

0.007 

0.008 

0.015 

1532 

Electrolytic iron 

J. It. Cain 

0.004 

0.001 

0.00 

0.004 

0.0006 

0.008 

0.0176 

1533 

Iron powder 

Kahlbaum 








1534 

Iron 

Kahlbaum's iron oxide 








1532 


reduced with hydro- 










gen 








Av. 1533 ±1 


* Burgess and Waltenborg.c !, o°) 

degrees for the constant C 2 in Wien’s radiation formula. Cor- 
recting to 1.432 cm. degrees, the value on the present scale, 
Burgess and Waltenberg’s value by the crucible method becomes 
1536°C. 

62. Recent Determinations of the Melting Point. — Hanson 
and Freeman (512) determined the melting point of a basic open- 
hearth ingot iron containing 0.012 per cent carbon, 0.017 per 
cent silicon, 0.07 per cent manganese, 0.017 per cent sulphur, 
and 0.014 per cent phosphorus. The total impurities deter- 
mined were 0.130 per cent. Other impurities, particularly 
copper, nickel, cobalt, and oxygen, would be expected to be 
present but were not determined. This material, in fused 
alumina in a nitrogen atmosphere, melted at 1530°C. This 
temperature, measured with a thermocouple, was based upon the 
value 1452°C. for the nickel point. Corrected to the present 
value for the nickel point, 1455°C., the melting point of this iron 
becomes 1533°C. 

Tritton and Hanson (585) obtained 1535°C. for the melting 
point of a sample of electrolytic iron which was reported to be 
Tree from silicon, sulphur, phosphorus, and manganese. Carbon 
was reported as a trace; the oxygen content was 0.277 per cent. 
Porcelain crucibles were used and the same melting-point value 
was obtained with either a nitrogen or an argon atmosphere. 
The temperature scale was based upon a palladium point of 
1555°C., the accepted value at the present time. 
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Sykes (CH7) determined the melting point of iron prepared hy 
ignition and reduction of ferrous oxalate precipitated from 
ferrous sulphate solution. From 0.1 to 0.2 per cent of iron oxide 
(0.02 to 0.06 per cent of oxygen) and less than 0.005 per cent of 
carbon were the only impurities reported although, in view' of 
results at the Ph ysik aliseh-Teeh i i inch e Reichsanstal t< 1 and 

elsewhere, it appears that small amounts of manganese and pos- 
sibly other metals may have been present. The iron was molted 
in an alundum boat in an atmosphere of hydrogen. The melting 
point obtained was 1532°(4. Syk.es stated that his optical 
pyrometer was checked against the melting point of pure nickel 
but did not give the value used for the nickel point. If the 
nickel was pure and if 1452°(). (the accepted value for the nickel 
point in 1920) was used, Sykes* result corrected to 14f>5°( (the 
present value for the nickel point) would be 1 535 °( ), In view 
of the uncertainty as to his temperature scale, Sykes* value of 
1532°C. is used in the average without correction. 

Andrew and Binnie* 81 ^ melted basic*, open-hearth ingot iron 
in alundum crucibles in an atmosphere of mixed hydrogen and 
nitrogen, obtained by cracking ammonia, and determined the 
melting point by moans of a tungsten-molybdenum thermocouple 
which had been calibrated against a platinum, platinum-rhodium 
thermocouple. The melting point obtained was 1537°(b 

The melting point of a very carefully prepared electrolytic 
iron was determined by Jenkins and t*aylerd KW ~> The iron, 
previous to its use for the melting-point determination, was 
molted in vacuum to remove gases and them remelted several 
times under hydrogen until particles of oxide wore detected 
only with difficulty under the microscope. Impurities in the 
iron prior to the melting-point determination were: 0.005 to 
0.007 per cent carbon, trace to 0.009 per cent; silicon, trace of 
manganese*., 0 to 0.001 per cent sulplmr, 0,002 per cent phos- 
phorus, trace to 0.006 per cent copper. As a check on the amount 
of contamination caused by the meltings, one ingot was analyzed 
after the melting-point determination. The content of impuri- 
ties after melting was; 0.01 per cent carbon, 0.03 per cent silicon, 
0,014 per cent phosphorus, 0.05 per cent oxygen, traces of 
manganese and sulphur. The iron was melted in alundum 
crucibles with high-frequency induced heating. Four different 
methods were used for obtaining black-body conditions, one being 
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the bubble method of Rosenhain, the other methods depending 
upon different arrangements of crucible and sighting tube. The 
optical pyrometer was calibrated by means of the gold point 
(1063°C.) and the palladium point (1555 ± 2°C.). Intermedi- 
ate points were obtained by comparison with thermocouples. 
In the determination of temperatures at approximately the 
melting point of iron either an absorption screen or a sector disk 
was used to decrease the intensity of radiation. 

Observations of both the melting and freezing points of iron 
were made during heating and cooling operations. Eighteen 
results were obtained, varying from 1524 to 1530°C., from which 
Jenkins and Gay]er concluded that the melting point of iron was 
1527 ± 3°C. 

63. Summary of Melting-point Data. — In attempting to 
summarize these results and to arrive at a probable value for the 
melting point of iron, each of the investigations was reviewed 
from two angles: the purity of the iron and the accuracy of the 
temperature measurements. On this basis the results of seven 
investigations were selected for final consideration, as follows: 


Investigator 


Reported Corrected 

value, °C. value, °C. 


Ruer and Klospcr' 203 * 

Burgess and Waltenberg (micropyrome- 

1528 

1533 


tcr)< 800 > 

Burgess and Waltenberg (crucible 

1533 

1538 


method )< aou > 

1528 

1536 


Hanson and Freeman < B12 > 

1530 

1533 


Tritton and Hanson C588) 

1535 

1535 


Sykes< 087 >. 

1532 

1532 


Andrew and Bmme< 816) 

1537 

1537 


Jenkins and Gayler (892) 

1527 

1527 


Average. . . . 


1534°C. 

(2793°F.) 

Rounded to. 


1535°C. 

(2795°F.) 


The difficulty in comparing or in weighting these results is 
illustrated by the fact that the results of Burgess and Waltenberg 
and of Jenkins and Gayler constitute the upper and lower 
extreme limits, although, in the authors' opinion, these two are 
the outstanding investigations of the group. The probable 
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value for the melting point of iron was obtained, therefore, by a 
numerical rather than a weighted average of the corrected 
results. It is suggested that the value 1535°C. (2795° F.) be 
accepted as a rounded value for the best present approximation 
of the melting point of iron. 

64. Vapor Pressure and Boiling Point. -The value 2*lf>()°(!. 
reported by Greenwood <102,2(,7) as the boiling point of iron at 
atmospheric pressure, and much quoted in the literature, was 
criticized by Ruff and Bormann (:U2) as undoubtedly low, owing 
to contamination of the iron by iron oxide produced by the 
reaction between the molten iron and the magnesia lining of the 
graphite crucible. Ruff and Bormann used zircouia crucibles 
in their determination and obtained the value 2450 T 50°G. as 
the boiling point at 36 nun. pressure. Ruff l2 ' l7) determined the 
maximum temperature of iron arc electrodes, obtaining the value 
222()°0. at 10 mm. pressure while Hagenhuch and Langl>ein (,W) 
found the temperature of the iron anode of an arc to be 2320°C, 
at atmospheric pressure. 

By means of the Sackur and Tetrode equations, Millar <08W 
calculated the vapor pressure-temperature relation of iron from 
the data of Ruff and Bormann. Millar's computations indicated 
that the boiling point of iron was 3235°G. at 760 mm. pressure. 
The vapor-pressure data of Joints, Langmuir, and Maekay t724) 
given in Table I I were calculated from their data on the rates of 
evaporation from an iron filament heated to various temperatures 


Table 1 1 . Vapor Prehhurjs of Iron'* 


Temperature, °C. 

Vapor preHHure, 
mm. I1 k 

Temperature, °C. 

Vapor preHHure, 
mm. llg 

! .... 

327 

1 . 86 

X H) 23 

1427 

7.6 

X 10 3 

427 

7.58 

x io-»* 

1527 

3 . 0 

X 10 2 

527 

2.06 

X 

1727 

2.9 

X i0“i 

627 

9.52 

X 10 13 

1927 

1 .8 


727 

1 . 32 

X 10 10 

2127 

7.5 


827 

7. 11 

X 10“» 

2327 

26.2 


927 

1.94 

X 1 0"* 7 

2527 

82 . 5 


1027 

3 . 22 

X 10' « 

2727 

1 65 


1127 

3.47 

x io-* 

2927 

345 


1227 

2.70 

X 10"" 4 

3127 

630 


1327 

1 . 60 

X 10“® 

3202 

760 



* JonoH, Langmuir, and Muokayd 724 ) 
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in vacuum. Extrapolation to atmospheric pressure gave 3202°C. 
as the boiling point of iron. Ralston C863 > averaged the values of 
Millar and of Jones, Langmuir, and Maclcay and selected 3218°C. 
as the boiling point of iron. 

Kelley (1078) recently computed the vapor pressure of iron at 
various temperatures, basing his computations on the calcula- 
tions of free energy which were made by Overstreet. Kelley's 
results indicate that the boiling point of iron is 2735°C., according 
to the following data: 

Temperature, °C. 1564 1960|2004|2316|2464|2595|2735 

Vapor pressure, mm. Ilg. 0. 076|0. 76 7. 6 76 190 380 760 

66. Summary of Data on Vapor Pressure and Boiling Point. — 

In view of the fact that the most reliable values were indirectly 
determined from data secured under experimental difficulties 
and with possible inaccuracies, a rounded value of 3000°C. 
(5430°F.) is suggested as expressing the probable boiling point 
of iron as closely as the data warrant. 

B. HEAT CAPACITY 

A survey of the literature on the heat capacity of iron reveals 
a decided lack of concordance in results, particularly for specific- 
heat values at temperatures above 1000°C. Ralston (853) in 1929 
commented: “The heat capacity of iron and its alloys has been 
the subject of very much experimentation and yet such great 
discrepancies exist between even the best work that the whole 
matter is rather disappointing." Three years later, Austin (955) 
made the statement: “It may seem surprising that the heat 
capacity of iron, one of the most fundamental properties of one 
of our most useful substances, is still a matter for discussion, yet 
a survey of the existing information shows that the number of 
possible choices for a value at a certain temperature is roughly 
equal to the number of investigations including that tempera- 
ture." This uncertainty, as Austin pointed out, is a result of 
several factors. Iron exists in different forms at different tem- 
perature ranges, undergoing two polymorphic transformations, 
each of which is accompanied by an energy change, and a 
magnetic transition which is accompanied by an anomaly in the 
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specific-heat curve. The technique of heat-capacity det ermina- 
tions at high temperatures is difficult and has not been developed 
to the point where results of high accuracy can be obtained. 
The previous mechanical and thermal history of a particular 
specimen may influence its heat capacity. Impurities, in view 
of their great effect on the magnetic properties of iron, may be 
expected to affect appreciably the magnetic component of its 
heat capacity. With the presence of these obstacles to accuracy, 
disagreement in results is not surprising. ( )nly by a combination 
of greatly increased accuracy in methods and increased purity 
in material may we expect, to obtain reliable results. 

There are available two excellent, critical reviews of the 
data on the thermal properties of iron, one by Ralston, <ll68) 
which includes data published through part of 1927, and 
the review by Austin u ’ ,r “ r, ' lK,<n which appeared lute in 1932. Tins 
values selected by Ralston were obtained by averaging the 
values for heat content reported by five investigators. From 
these average values the specific-heat values were derived. 
Austin's review included data obtained by improved methods 
and published subsequent to the summary by Ralston. Wher- 
ever it was possible, the values chosen by Austin were the ones 
which most nearly fulfilled theoretical requirements deduced 
from the thermodynamics of metal systems. Consequently 
Austin's selected values have been largely accepted in the 
present review. Throughout this text the rate of change in 
heat content at a particular temperature is termed the “specific 
heat,” instead of the “true specific heat” as it is frequently 
expressed in the literature. The term “mean specific heat” 
is used to define the average rate of change in heat content over 
an appreciable temperature interval. 

66. Heat Capacity of Alpha Iron at Low Temperatures. - 
The values for the specific heat of iron at low temperatures 
reported by Nordmeyor and Bernoulli 4 lttl> in 1907, by Nord- 
meyer (1Ka) in 1908, and by Dewar 4m> in 1913 were obtained by 
the method of mixtures over wide temperature intervals and are 
principally of historical interest. Determinations which are 
considered to be of merit begin with the work of Griffiths and 
Griffiths (2H1) who, in 1913, reported values for the specific heat 
of iron obtained by the more accurate method of electric heating 
whereby the rise in temperature, resulting from the addition 
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of a known amount of electric energy to a considerable mass 
of metal, was measured. The material used was basic open- 
hearth ingot iron having an iron content of 99.87 per cent by 
difference. Theoretical heat capacities were calculated by the 
formulae of Einstein, Nernst, and Lindemann and Debye. 
No one formula was capable of representing the experimental 



Fig. 15. — Specific heat of alpha iron at low temperatures. Both curves represent 
values selected by Austin, ( 955 > 

results over the entire temperature range. The formula of 
Debye gave the nearest approximation to the experimental values 
over the lowest portion of the range, but systematic divergencies 
occurred at the higher temperatures. The results of Griffiths 
and Griffiths, and of other selected investigations, are shown in 
Fig. 15. 

Using the electric heating method of Nernst and Schwers, 
Gunther (351) in 1916 determined the specific heat of iron in 
the temperature range 32 to 95°K. ( — 241 to — 178°C.). Infor- 
mation as to the composition of the iron used was not included 
in Giinther’s paper. 
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On account of the serious discrepancies between the data of 
Griffiths and Griffiths and those of Gunther, the results of the 
former being about a half a calorie per gram atom or 25 per cent 
higher than those of the latter at liquid air temperatures, Rode- 
bush and Michalek CftaB) investigated the heat capacity of iron in 
the temperature range 72 to 200° K. ('—201 to —73°( The 
determinations were made by the method of electric heating on a 
sample of high-grade 1 ; commercial iron, stated to have an iron 
con had, of 99.88 per cent. The results, shown in Fig. 15, arts in 
bettor accord with the results of Griffiths and Griffiths than with 
those of Gunther. 

Subsequent to the compilation by Ralston of his critical 
survey, Fncken and Werth <HMU) published their data on the heat 
capacity of electrolytic iron at low temperatures, obtained by 
the method of electric heating. Austin considered their results 
as the most complete and consistent of the available data. 
The selected values of Austin for alpha iron at low temperatures 
are given in Table 12 and art* shown by a continuous line in Fig. 
15. The dotted line in the figure shows the values selected by 
Austin for gamma iron at low temperatures, for comparison with 
the results for alpha iron. 


Tam, is 12. Bnsemxe IT hat of Alima Iron at Tkmpkraturkh mqlow 0°O,* 



Temperature 


Specific hent 


°K. 


"c. 

cal. per g. °C. 

cal. per g. 
atom "O. 


20 


-253 


0.005 


30 


-243 

0 . 003 

0. 105 


40 


— 233 

0.007 

0.307 


50 


— 223 

0.013 

0.710 


75 


- 198 

0.032 

1.80 


100 


- 173 

0.051 

2.85 


125 


— 148 

0.005 

3.05 


1 50 


- 123 

0.077 

4.33 


175 


- 98 

0.080 

4.80 


200 


- 73 

0.092 

5. 15 


' 225 


- 48 

0.097 

5.40 


250 


- 23 

o.ioi 

5.00 


273.1 


0 

0. 104 

5.84 
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67. Heat Capacity of Gamma Iron at Low Temperatures. — 

The gamma phase in high-purity iron is not stable below 900°C., 
consequently it is not possible to determine directly the heat 
capacity of gamma iron at temperatures lower than this. How- 
ever, by the addition of a sufficient amount of an alloying 
element such as nickel or manganese, which is more soluble in 
gamma than in. alpha iron, the transition temperature of gamma 
to alpha iron can be lowered to a point where the velocity of 
the transformation is practically zero. From the heat capacities 



of a series of such alloys of known composition the heat capacity 
of gamma iron can be calculated by extrapolation to zero con- 
centration of the alloying element. 

Eucken and Werth (880) determined the heat capacity at low 
temperatures of iron-manganese alloys containing 50, 30, and 
19.4 per cent of manganese. From these data the specific heat 
of gamma iron at the various temperatures was calculated by 
two methods, by use of the Kopp-Neumann rule and by use of a 
Debye frequency. According to Eucken and Werth’s curves, 
the two methods did not give identical values. Numerical 
values for the specific heat of gamma iron, shown in Table 13 
and Fig. 16, were calculated by Austin < 955) from the data of 
Eucken and Werth. 
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Table 13* Specific Heat of Gamma Iron at Temperatures below 

cm* 


Temperature 

Specific heat 

"K. 

“C. 

cal. per K- ' < -• 

cal. per tf. aloip 
n (h 

20 

30 

tv tv 

Vi 

0.004 

0. 10 

0.25 

40 

233 

0.010 

0.53 

150 

223 

0.021 

1 . 30 

75 

1 OS 

0.052 

2.00 

100 

1 73 

0,071 

3,05 

125 

MS 

o.oso 

5.00 

150 

1 23 

0. 100 

5.00 

175 

. .. as 

0,100 

0. 10 

200 

- 73 

0. 1 14 

0.35 

225 

IS 

0. 1 Hi 

0.50 

250 

- 23 

0. 1 IS 

0.00 

273, l 

0 

0. 120 

0.70 

2 OS 

4 25 

0. 122 

0 . SO 


* AuHtin.WM 

68. Heat Capacity of Alpha Iron at Temperatures above 
0°C. The early work on the heat capacity of iron at elevated 
temperatures was largely on impure iron by methods deficient 
in accuracy and can be dismissed ns unimportant. The work 
previous to 1893 was reviewed by Richards. (mn The investiga- 
tion by Harker ntm in 1905 deserves mention, more because 
his results for temperatures below 900 u < b are in bur accord 
with recent values than because of any indication of unusual 
accuracy of bis .method in the published account of his work. 
The values reported by OborhofTor Mflin in 1907 were, in general, 
considerably higher than those of recent in vest ignf ions although 
his apparatus, a modified Bunsen ice calorimeter, was superior 
to that of Ilarker. Oberhoffer’s paper included a review of 
previous work and an excellent bibliography. The data reported 
in 1908 by Weiss and Beck, (lK7i while of doubtful accuracy as the 
iron was not protected from oxidation, are of interest as first 
bringing out the anomalous character of the specific-heat curve 
in the vicinity of the magnetic transformation. The specific 
heat was found to increase rapidly to a maximum as the A 2 
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temperature was approached and then to drop abruptly to a 
low value as the iron became paramagnetic. This finding was 
later confirmed by Weiss, Piccard, and Carrard C359) who used a 
calorimeter of improved design and two specimens of electrolytic 
irop, one of which was gold plated to prevent oxidation. Their 
results, with those of subsequent investigators, are shown in 
Fig. 17. 

v.ou 

0.34 

032 

0.30 

. 0.28 
<J 

Sf 0.26 

I- 

I_0.22 

J 0.20 

§ 0.18 
CL) 

& 0.16 
0.14 
0.12 

a,0 c 

Temperature, deg.C. 

Fig. 17. — Specific heat of iron at elevated temperatures. 

The specific-heat data reported by Wiist, Meuthen, and 
Durror (308> were generally accepted as the most precise available 
for nearly a decade following their publication in 1918. The 
values given were for electrolytic iron and were determined in 
the Oberhoffer modification of the Bunsen ice calorimeter. 
The specific-heat curve of Wust and his coworkers differed in the 
range of the magnetic transformation from that of Weiss, but 
Ralston C853) replotted the heat-content data of Wiist and derived 
the specific heats, obtaining a curve similar to that of Weiss. 
Wiist evidently smoothed his heat-content curve on the assump- 
tion that deviation from a smooth curve was due to experimental 
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errors. Wiist, Mouthen, and Durnvr carried t h<d r measurements 
up to 1600 o (h, permitting determination of 1 li< k heat, effects of 
the transformation points and of the heat of fusion. Because of 
the discrepancies in the A a range between the dat a of Wiist and 
those of Weiss, OberholTer and Grosso 1731 ** repeated tins work, 
using the ice calorimeter and electrolytic iron which contained 
0.030 per cent of reported impurities, dinar results confirmed 
those of Weiss with respect to the form of the specific-heat 
curve. 

The first investigation by Umino (<UKn was the determination 
of the specific heals of a series of twelve carbon steels with carbon 
contents from 0.09 to 2.84 per cent. From extrapolation of these 
data he obtained values for the specific heats of carbon-free 
iron. Them values cannot, however, be accepted as representa- 
tive of pure iron since the reported impurities, exclusive of 
carbon, in llmino’s steels ranged from 0.41 to 2.08 per cent, 
Umino C(UM) also reported values for the specific heat between 100 
and Il>80°O. of an iron containing 0.80 per cent of reported 
impurities; of an electrolytic iron for the temperature range 080 
to 9(K)°0. c74r>) and, in 1929/ mi7) for the range 080 to lf>60°(h 
Umino in all of his work used the method of mixtures with an 
atmosphere of hydrogen to prevent oxidation. His results are 
included in Fig. 17. 

In a study of the heat capacity of vacuum-melted electrolytic 
iron Klinkhardt* 726 ' made use of an aneroid calorimeter in which 
the iron, in a high vacuum, was heated through small temperature 
intervals by electron bombardment and the rise in temperature 
caused by a .measured energy input was measured by means of a 
thermocouple. In this way the specific heat was determined 
directly over the temperature range 100 to 1000°G., as shown 
in Fig. 17. Klinkhardt also determined the specific heats of a 
series of iron-manganese alloys in which the iron existed in the 
gamma state. By extrapolation to zero manganese content, 
Klinkhardt obtained values for the specific heat of gamma iron 
between 100°C. and tins -4 3 point, in addition to his directly 
determined values for temperatures between the A% point and 
U)0()°O. 

Ralston* 81 *** 1 ' computed values for the specific heat, of iron by 
plotting the heat content versus temperature data of Weiss and 
Beck, (1S7) Weiss, Piccard, and Garrard, (3W>> Wtist, Men then, 
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and Durrer, (395) Oberhoffer and Grosse, C735) and Umino (693 ’ 694 * 745) 
and then drawing an average curve from which the specific heats 
were derived. Yap (988) calculated the specific heats of iron, at 
temperatures between 0°C. and the A 3 point, but these calcula- 
tions were based entirely on the data of Umino. Austin (955) 
selected the data of Griffiths and Griffiths C281) for the specific heat 


Tabus 14.-— Specific Heat of Alpha Iron at Temperatures between 
0°C. and the A 3 Point* 


Temperature 

Specific heat 

°K. 

°C. 

cal. per g. °C. 

cal. per g. atom 

°C. 

273. 1 

0 

0. 1045 

5.835 

283 

10 

0.1060 

5.919 

293 

20 

0. 1075 

6.002 

298 

25 

0. 1080 

6.051 

303 

30 

0. 1087 

6.070 

313 

40 

0. 1097 

6.126 

323 

50 

0. 1105 

6.170 

333 

60 

0.1112 

6.209 

343 

70 

0. 1119 

6.248 

353 

80 

0. 1126 

6.288 

363 

90 

0. 1133 

6.322 

373 

100 

0. 1141 

6.395 

423 

150 

0. 121 

6.78 

473 

200 

0. 128 

7.13 

523 

250 

0.134 

7.48 

573 

300 

0. 140 

7.82 

623 

350 

0. 146 

8.14 

673 

400 

0. 151 

8.43 

723 

450 

0.157 

8.74 

773 

500 

0. 163 

9.10 

823 

550 

0. 172 

9.58 

873 

600 

0. 188 

10.54 

923 

650 

0.208 

11.62 

973 

700 

0.230 

12.84 

1023 

750 

0.276 

15.40 

1033 

760 

0.320 

17.89 

1073 

800 

0.210 

11.70 

1123 

850 

0. 194 

10.84 

1173 

900 

0. 186 

10.39 

1179 

906 

0.160 

9.94 


* Austiii.< 955 > 
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of alpha iron between 0° and 100°C. and tho.se of Klmkhardt <m) 
for temperatures between 1()0°C. and the An point. The selected 
data of Austin are given in Table 14. 

69, Heat Capacity of Gamma Iron. The divergence of opinion 
regarding the heat capacities of iron at different temperatures 
is particularly noticeable in the range in which gamma iron Ls 
the stable form. Harkerts data n;t,) indicated a decrease in the 
specific heat of gamma iron with increasing temperature, but 
his results are of doubtful value in view of the state of calorimetry 
and pyrometry at that time (1905). Wust, Meuthen, and 
l)urrer (,w,) and Oberhoffer and C*rosse (736) concluded that the 
specific heat of gamma iron did not vary with temperature. 
Umino c<,iM,Hfi7> and Klinkhardt c?aft> found that it. increased with 
increasing temperature. Ralston’s review* 8 *' 31 of the heat- 
content data of a number of investigators indicated that it 
increased between the An point and llt)()°(k but remained 
constant at temperatures above 1100°(>. Yap' US8> computed 
the specific heat of gamma iron from the data of Umino. Aus- 


Tajjlk 15.- ■■HvKcunc Hk at ok Gamma I non at Tkmcio hath huh i* ktw wen - 

0° and 1 500°C. * 



Specific heat. 


Specific heat 

Temperature, ■ 



Temperature, 


— 

"G. 

cal. per 

cal. per g. 

°C. 

cal. per 

cal. perg. 


K. °0. 

atom ,J C. 


K. *’«. 

atom “C. 

0 

0. 120 

0.70 

800 

0. 158 

8.88 

50 

0. 124 

0.90 

850 

0.159 

8.91 

100 

0. 127 

7. 11 

900 

0.100 

8 . 98 

150 

0. 131 

7.30 

950 

0.101 

8.99 

200 

0. 134 

7.49 

1000 

0.102 

9,02 

250 

0. 137 

7.07 

1050 

0.102 

9.05 

300 

0. 141 

7.80 

IKK) 

0.103 

9. 10 

350 

0. 143 

8.01 

1150 

0.104 

9. 10 

400 

0. 140 

8.18 

1200 

0. 105 

9.21 

450 

0. 148 

8.30 

1250 

o. too 

9.27 

500 

0. 151 

8.43 

1300 

0. 1 0)7 

9.32 

550 

0. 153 

8.54 

1350 

0. 108 

9.38 

000 

0. 155 

8.00 

1400 

0. 109 

9.44 

050 

0. 150 

8.71 

1450 

0. 170 

9.50 

700 

0. 157 

8.77 

1500 

0. 171 

9.50 

750 

0. 158 

8.81 
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tin <955) averaged the values of several investigators/ 395 ’ 726 - 736 - 867 ^ 
weighting Umino’s values (807) at three times the others, and 
considered it probable that the specific heat of gamma iron 
increases with increasing temperature between the A z and 
A 4 points. The selected values of Austin (965) between 0° and 
1500°O. are given in Table 15. Austin accepted Klinkhardt’s (725) 
values for temperatures between 0°C. and the A 3 point; the values 
for temperatures above 1400°C. were obtained by extrapolation. 

70. Heat Capacity of Delta Iron and Liquid Iron. — Of the 
four sets of data available on the specific heat of delta iron, 
three indicate that it is constant throughout the temperature 
range. Urn i no’s 1926 values <694; showed an increase between 
1400 and 1500°C. The reported values of these four investiga- 
tions are: 


Investigator 

Tempera- 
ture, °C. 

| Specific heat 

cal. per g. 
°C. 

cal. per g. 
atom °C. 

Wiust, Mouthon, and Durrer C3$)5 > 

1420 

0.2142 

11.97 

Uniino tna4> 

1500 

0.187 

10.45 

Oberhoffer and Grosso* 7365 

1401 to 1528 

0.165 

9.22 

ITmino (HC7 > 

1500 

0.185 

10.33 


Ralston (8ft3) derived the value 0.143 cal. per g. °C. from his 
heat content versus temperature curve. This value was lower 
than that for gamma iron, which Austin stated (955) is incompatible 
with thermodynamic requirements. If Ralston’s heat-content 
data are plotted against temperature, there is evidence of error 
in the value given at 1535°C.; between 1400 and 1500°C. the 
heat content versus temperature relation is a straight line with 
a slope of 0.189 cal. per g. °C. which is about an average of the 
values of the investigators whose data Ralston used; between 
1500 and 1535°C. the line has a slope of 0.060 cal. per g. °C., an 
improbable value. Extrapolation of the data between 1400 and 
1500°C. gives 256.7 cal. per g. for the heat content at 15'35°C., 
but Ralston used 252.3 in obtaining his value of 0.143 cal. per g. 
°C. for the specific heat of delta iron. The specific-heat value 
derived from the major portion of Ralston’s heat content versus 
temperature curve, 0.189 cal. per g. °C., is in good agreement 



Specmc heat.cal per g. deg. 
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with U mine's value 0.185 cal. per g. °0., which Austin has 
selected as the most probable. Yap (imH) also accepted Umino's 
value for delta iron. 



The four determinations available for the specific heat of 
liquid iron are as follows: 


Investigator 


Tempera- 
ture, “O. 


Specific heat, 
enl. per g. 

" 0 . 


Wunt, Mcuthcn, and Durrer**® 4 * 1528 to 1500 

Uxmno <tttt4) 1570 to 1000 

OberhofTer and <.lroHHc lTW) 1528 to 1590 

Ummo<" 47 > 1540 to 1500 


0. 150 
0 . 222 
0. 142 
0. 104 


From the first three Ralston derived the value 0.174 cal. per g. °C. 
Austin averaged the values, giving the first three a weight of 
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one, the last a weight of three, and derived the value 0.185 cal. 
per g. °C. as a probable value for the specific heat of liquid iron. 

Austin's summary (956) of available information for the heat 
capacity of iron, at all temperatures at which observations 
have been made, is shown in Fig. 18. 

71. Heat Effect at the A 2 Point. — Values ranging from 1.0 to 
6.56 cal. per g. have been reported as the heat effect at the 
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Fig. 19. — Heat content of iron. (A?zs25i7i.< 956 >) 


A 2 point, but the data do not show any discontinuity in the heat 
content (Fig. 19) or even in specific heat at this point. Hence, 
there is probably no heat of transition at the A 2 point. With 
increasing temperature, the heat content rises at an increasing 
rate as the A 2 point is approached and at a decreasing rate after 
this point is passed. The values which have been reported 
as heats of transition should be considered differences in heat 
content over temperature intervals. 

72. Heat Effect at the A z Point. — The values which have been 
reported for the heat of transition at the A z point are given in 
Table 16. 
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Tablm 16.— -IIjbat of Tkansition at thk Ah Point 


! 

Investigator 

<*a.I. per g. 

<• 0 . 1 . per g. 
atom 

Ohi notch :ui) 

2.S 

2 1 r> 

StatiHfi(‘l(b 51l > 

2 . 80 

1 60 

Meut.he» (SM,8) ' 

r> to r» 

270 to 225 

Wiist., IVIeuthen, and J >\i r *nn.» ! 

o . r>r> 

266 

Uinino (,lw4 ' 

5 . 25 

266 

Oberlioffer and ( 

6 . 76 

275 

Kli nk lull’d t.* * 

2 . 86 f 

216 

Un^ino (Mr,v, 

5(H) 

2 1 2 

Kisser and BunghurdP 1 "*'* 1 1 

1 

b201 


; ( 2 . -12 ‘ 


* I )<sl,nrn)ia(ul directly. 

With the exception of t.lic* valium of Klinkha.rdt fV;^^ ' , and of Ksscr 
and Bunghardt, tl0 * r,:j> these values were determined us the differ- 
ence in heat content below and above the transformation point. 
They are then the small differences between two largo, values, 
neither of which has been determined precisely, which accounts 
for the discrepancies found in the reported values. Rnlston (8r,a) 
obtained 4.9 cal. per g. from an average heat-content curve. 
Since Ralston compiled his review, Klinkhardt measured directly 
the heat absorbed in the transformation and obtained 8.86 cal. 
per g. or 216 cal. per g. atom, which value Austin selected 
as the most probable for tint heat of transition at the A « point. 
The direct determinations which were* made subsequently by 
Kisser and Bunghurdt substantially confirm the results obtained 
by Klinkhardt. 

Yap umH) computed the heat effect which accompanies the 
occurrence of the alpha-gumma transformation at temperatures 
other than that of the An point. These computations were 
based on Uminoks heat-eontent data. According to Yap’s 
computations, the heat, effect increases with decreasing tempera- 
ture below the An point, from 5.6 cal. per g. at 900°< h to 8.5 at 
8()()°C., 18.4 at (>()0°0,, and 22.6 and 22.4 cal. per g., respectively, 
at 400 and 200°C. At temperatures above the A u point, the 
heat effect decreases with increasing temperature from 5.2 cal. 
per g. at 1000°C. to 1.2 at 110()°O., -0.8 at 1200°(h, -1.5 at 
180()°(b, and —1.9 cal. per g. at 1400°C. The minus sign at 
temperatures of 1200°C. and higher signifies that the transition 
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becomes exothermic at some temperature between 1100 and 
1200°C. 

73. Heat Effect at the A 4 Point. — The heat effect at the 
Aa point was variously reported to be 1.94 cal. per g./ 395) 3.00 cal. 
per g., <694) and 2.53 cal. per g. (735 > Ralston < 853 > plotted a heat- 
content curve from an average of the best data available and 
obtained 1.7 cal. per g., or 95 cal. per g. atom, as the heat of 
transition at the A a point. This value was appreciably lower 
than those previously reported, due, in Ralston's opinion, to 
the practice of the earlier investigators of “smoothing” their heat 
content versus temperature curves. Subsequently, Umino (867) 
reported 1.86 cal. per g., in fair agreement with Ralston's value. 
Austin <<J55) considered Ralston's value as the most probable one 
for the heat effect at the A 4 point. 

74. Heat of Fusion. — The early values for the heat of fusion 
of iron were derived from indirect computations rather than by 
direct determinations. It is of interest that some of these early 
values are in better agreement with the best of the recent values 
than are some obtained by direct determination. 

Person (C) in 1848 made use of an equation which compared 
the heat of fusion, modulus of elasticity, and density of one metal 
with the same properties of a second metal. With zinc as the 
reference metal a value of 60 cal. per g. was obtained for the heat 
of fusion of iron. By a similar method, Guldberg (U5) obtained 
the value 64 cal. per g. Richards (7(I) used an equation derived from 
Pictet's rule and predicted the heat of fusion to be about 69 cal. 
per g. Brisker's calculation 173) was based on the van'tHoff equa- 
tion for depression of the freezing point by solutes. Using 1500 
and 1130°C., respectively, as the melting points of pure iron and 
of iron containing 4.3 per cent of carbon, he obtained 31.646 cal. 
per g, as the heat of fusion. Brisker assumed the molecules of 
dissolved carbon to be diatomic, probably because this gave a 
value in agreement with observed values for cast iron. Ralston 
recalculated the heat of fusion by Brisker's method, using 12 as 
the molecular weight of carbon and 1535°C. as the melting point 
of iron, and obtained 57.5 cal. per g. as the heat of fusion. How- 
ever, he demonstrated by data on other metals that the method of 
Brisker is not reliable. 

The first calorimetric determination of the heat of fusion of 
high-purity iron was that of Wtist, Meuthen, and Durrer C395) in 



150 


TUB METAL— IRON 


1918. Using electrolytic iron in a vacuum calorimeter, they 
obtained the value 49.35 eal. per g. Oborhoffer and (}rosse (7;ir,) 
used the same method and reported 04. 38 cal. per g. The first 
value reported by Umino, cttw ‘ l) 09.20 cal. per g., was obtained on 
steel. Later, Umino w,:7 ‘ J determined the heat of fusion of 
electrolytic iron as 65.05 cal. per g. The method of mixtures 
was used with a hydrogen atmosphere to prevent oxidation. 

Yap (y6;0 calculated the heat of fusion of pure iron from data 
on the depression of the freezing point, with a correction for the 
heat of dissociation of iron carbide. II is value was 04.4 cal. per 
g. l > ol)oril (,()n7) obtained 04.2 cal. per g. for the heat, of fusion of 
pure iron by calculation from the data, of Wever and Jellinghaus 
on iron-vanadium alloys. 

The values which have been reported by various observers 
for the heat of fusion are given in Table 17. 

Tabmo 17. 1 1 hat of Fusion of Ikon 

cal. per 
g. atom 

3353 
3854 
35 75 
3212 
2757 
3804 
3595 
3004 
3590 
3585 


Investigator 


Method 


Person (<!) Calculation 

Richards u<u Calculation 

( iuldborg* 116) Oulcula I ion 

Brisker (corrected) 073 * Calculation 

Wust, Motillien, and I>urror <3Wft> Ice calorimeter 

Uinino t<UK) Met hod of mix! uren 

OlwrhofTer and ( JrosHc (>m ‘ Ice calorim<*t,er 

Uinino <H,tV) Method of mixtures 

Yap <0M> (Calculation 

PoJ>oHl u,M1V) Calculation 


cal. per 
K- 

00 

09 

04 

57.5 
49.35 

09.2 
04 . 30 

05 . 05 
04 . 4 

04 . 2 


Ralston 4 * 603 selected 04.9 cal. per g., which value Austin 40663 
accepted as the best available. Inasmuch as the reported data 
indicate that even the unit figure is in doubt, the ant, hors sug- 
gest that the rounded value of 65 eal. per g. (3630 eal. 
per g. atom) be accepted as the best present approximation for 
the heat of fusion of iron, 

75. Entropy, Heat Content, and Free Energy. Three groups 

of data are available for the entropy of iron: those of Ralston, 48683 
of Yap, 4 088 3 and of Austin. 40601 The entropy values reported by 
Ralston were computed from specific-heat values obtained from 
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data of several investigations as previously mentioned. Yap's 
values were based on TJmino's data. Austin's entropy values 
were obtained largely from directly determined specific-heat 
values, his heat-content data (Fig. 19) being also derived from 
the specific-heat data. Due to the erroneous values used by 
Ralston for the heat content of iron at 1535°C. and for the 
specific heat of delta iron, his data for the heat content of iron 
at temperatures of 1535°C. and higher and his values for the 
entropy of iron above 1400°C. were in error. After correction 
of Ralston's data, the three sets of data are in close agreement. 

From thermodynamic consideration of thermal data, Kelley (1078) 
calculated that the heat of vaporization of iron at the boiling 
point (which he considered to be 2735°C.) is 1515 cal. per g. or 
84,620 cal. per g. atom. He also derived formulas for the calcu- 
lation of the heat of vaporization of iron at other temperatures. 

Austin's data for the entropy, heat content, and free energy 
of alpha and delta iron are given in Table 18 and for gamma iron 
in Table 19. 

Two sets of data were given by Austin for the heat content 
of gamma iron, one based on zero at 0°K. (-— 273°C.), the second 
based on 960 cal. per g. atom at 0°K. The latter value makes 
the heat content of gamma iron at 906°C. greater than that of 
alpha iron by 218 cal. per g. atom, the heat of transformation at 
that temperature, thus permitting comparison of the heat 
contents of the two modifications. A typographical error which 
occurred in Austin's paper, 11.44 instead of 12.44 being given 
for the entropy of gamma iron at 250°C., has been corrected in 
reproducing his data. Austin pointed out that his data (Tables 
18 and 19) are not entirely consistent from a thermodynamic 
standpoint, in that the free energies of alpha and gamma iron 
should be equal at the A 3 transformation and again at the A 4 
transformation. However, Austin considered that the dis- 
crepancies were within the range of experimental error and for 
practical purposes insignificant. 

Kelley 1 c 10785 recently calculated the free energy of vaporization 
of iron from 0°C. to temperatures above the melting point. 

76. Summary of Heat Capacity of Iron. — The form of the 
specific heat versus temperature curve of iron below the A 2 
point is definitely* established although there is some disagree- 
ment among the various investigators as to the numerical values. 
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Tables 18. — II mat Content, Entropy, and Free Energy of Alpha Iron 


Pemperaturo 


Heat content (//), 

referred to 11 =™ 0 at 0°K. Free energy (/<’ 
Entropy (<S), j,> ^ u „ T > 

cal. per k. j ~ cal. per g. 

atom °C. atom 

, cal. per g. atom 

cal. per g. 


15.42 

111.1 

6204 

15.14 

122.0 

6810 

15.53 

133.4 

7451 

1 7 . 45 

145.0 

8151 

1 .3 . 08 

156.5 

8737 

18.48 

1 65 . 6 

0250 

18.51 

166.4 

0204 

18.85 

1 74 . 0 

0765 

15.27 

184.1 

10280 

15.55 

103.5 

10705 

20 . 05 

202 . 5 

1 1310 

20 . 42 

211.8 

I 1825 

20.75 

221 .0 

12340 

21.13 

230.3 

12855 

21.43 

230.4 

13370 

21.77 

248.6 

1 3885 

22 . 08 

257.9 

14400 

22 . 38 

267.1 

14015 

22 . 58 

276 . 3 

15430 

22.88 

282.8 

157011' 




t Corrected for 1535 inetead of 1550°C. 
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Table 19.-— Heat Content, Entropy, and Free Energy op Gamma Iron* 


Toini>eraturo 

Entropy 
OS’), cal. 

i Heat content (// 1 ), 
based on 
lit = 0 at 0°K. 

Heat content (//a), 
based on 

//a = 960 at 0°K. 

[ Free energy 
(F), F = 

II 2 - TS, 

°K. 

°C. 

atom °C. 

cal. per 

cal. per 
g. atom 

1 

1 cal. per 

K. 

cal. per 
g. atom 

cal. per 
g. atom 

0 

— 273 . 1 

0.0 

0.0 

0.0 

17.19 

960 

960 

23 

- 250 

0 . 06 

0.018 

1.0 

17.21 

961 

957 

73 

— 200 

1.20 

1 . 196 

66.8 

18.37 

1026 

939 

1 23 

- 150 

8 . 08 

4.67 

261 

21.9 

1221 

842 

,178 

- too 

4.98 

9.63 

538 

26.8 

1498 

636 

228 

- 50 

6 . 66 

15.4 

862 

32.6 

1822 

336 

278 

0 

7 . 90 

21.2 

1185 

38 . 4 

2145 

- 12 

298 

25 

8 . 54 

24 . 3 

1357 

41.5 

2317 

- 228 

828 

50 

9 . 00 

27.6 

1529 

44.6 

2489 

- 420 

878 

1 00 

9 . 94 

33 . 7 

1880 

50.5 

2840 

- 867 

428 

150 

10.83 

40.2 

2244 

57.6 

3214 

- 1377 

478 

200 

11.65 

46 . 9 

2017 

64.1 

3577 

- 1933 

528 

250 

12.441* 

53 . 65 

2996 

70.8 

3956 

- 2550 

578 

800 

13.14 

60.6 

3384 

77.8 

4344 

- 3185 

628 

850 

13.80 

67.7 

3781 

84.9 

4741 

- 3856 

678 

400 

14.40 

75.0 

4186 

92.2 

5146 

- 4545 

728 

450 

1 5 . 00 

82.4 

4601 

99.6 

5561 

- 5284 

778 

500 

1 5 . 60 

89 . 8 

5016 

107.0 

5976 

- 6083 

828 

550 

16.05 

97.5 

5442 

114.6 

6402 

— 6807 

878 

600 

16.54 

105.1 

5872 

122.4 

6832 

- 7607 

028 

650 

1,7.03 

112.0 

6307 

130.1 

7267 

- 8452 

978 

700 

1 7 . 49 

1 20 . 8 

6744 

136.2 

7604 

- 9314 

1028 

750 

1 7 . 85 

1,28.7 

7184 

145.8 

8144 

-10116 

1078 

800 

18.33 

136.5 

7625 

153.7 

8585 

-11083 

1 128 

850 

18.70 

144.5 

8069 

161.7 

9029 

-11971 

I 178 

900 

19.1 3 

152.5 

8515 

169.7 

9475 

- 12954 

1170 

906 

.19.17 

153.3 

8552 

170.3 

9512 

- 13004 

1228 

950 

,19.50 

160.5 

8961 

177.7 

9921 

-13524 

1278 

1000 

19.86 

168.5 

9411 

185.7 

10371 

-14911 

1828 

1050 

20.21 

176.6 

9862 

193.8 

10822 

-15916 

1878 

1 100 

20 . 55 

184 . 8 

10319 

202 . 0 

11279 

-16940 

1428 

1 150 

20.87 

1 92 , 9 

10774 

210. 1 

11734 

-17964 

1478 

1 200 

21.19 

201.2 

11234 

218.1 

12194 

-19020 

1528 

1 250 

21.52 

209.4 

11695 

226 . 6 

12655 

-20120 

1578 

1300 

2 L . 80 

217.8 

12160 

236.6 

13120 

-21171 

1628 

1350 

22 . 09 

226.1 

12627 

242.8 

13587 

-22265 

1673 

1400 

22.37 

234 . 6 

13098 

251.8 

14058 

- 23367 

1723 

1450 

22.65 

243.0 

13571 

260.2 

14531 

- 24495 

1773 

1500 

22 . 92 

251.0 

14048 

268.8 

15008 

-25630 


* Atistinu* 050 * 

t Corrected, typographical error in original data. 
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As Austin pointed out, the accuracy of the most reliable data, 
those of Klinkhardt, is probably sufficient for practical purposes. 

Above the A 2 point the situation is less satisfactory, the 
disagreement extending to the form of the curve as well as to the 
values. Borne investigators, including Klinkhardt, have reported 
that the specific heat of iron decreases gradually from the A 2 
to the A 3 point. Others have reported that it drops precipitously 
at the A 3 point to a minimum followed by a gradual increase 
to the A* point; and others reported a precipitous drop at the 
A 2 point to a value which remained constant to the An point. 
Klinkhardtts values are preferred. 

Between the An and A 4 points the specific heat has been 
depicted as remaining constant throughout the range, as increas- 
ing over part of the range and then remaining constant, and as 
increasing gradually over the entire range. The specific heat of 
delta iron has been reported as increasing in value with tem- 
perature and as remaining constant. The specific heat of molten 
iron has been reported as higher than, lower than, and the same 
as that of delta iron at the melting point. Serious discrepancies 
are found in the values reported for the heat effects at the 
transformation points and at the melting point. Tins doubtful 
accuracy of the data for the specific heat at high temperatures 
naturally applies to the related data for heat content, free energy, 
and entropy. A survey of the existing data indicates the need 
for more precise determinations of the heat capacity of iron, 
particularly for gamma and delta iron. 

The heat-capacity values selected by Austin, after considera- 
tion of both the thermodynamic requirements and the compara- 
tive accuracy of the methods used by the various investigators, 
seem the most probable representation now available for the heat 
capacity-temperature relationship of high-purity iron. 

C. THERMAL CONDUCTIVITY 

Investigations of the thermal conductivity of iron have been 
confined largely to impure .material, and only a few data are 
available on high-purity iron. 

The work previous to 1896 was briefly reviewed by Ilolborn 
and Wien. C70) The mean of the previously reported values was 
0.156 cal. per see. per sq. cm. (°C. per cm.) for thermal con- 
ductivity and 0.000167 for the temperature coefficient. In 
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1900 Hall (93) obtained 0.1528 cal. per sec. per sq. cm. (°C. per cm.) 
at 28,2°C. for wrought iron for which an iron content of 99.93 
per cent was reported. A temperature coefficient of thermal 
conductivity of 0.0003 was given for this material. Hall, 
Campbell, Serviss, and Churchill^ reported the same value, 
0.1528 cal. per sec. per sq. cm. (°C. per cm.) for the thermal 
conductivity at 28.2°C. but a somewhat higher value, 0.00070, 
for the temperature coefficient between 13 and 87°C. Between 
115 and 204°C. the temperature coefficient was 0.00068. 

77. Recent Determinations of Thermal Conductivity.— The 
effect of temperatures up to 800°C. on the thermal conductivity 



Fig. 20. — Effect of temperature on the thermal conductivity of iron. 


of iron was reported by Honda and Simidu C372) for a sample of 
Swedish iron of unstated composition, and by Powell cl069) for a 
sample of Armco iron. Shelton ( 107 1A) determined the thermal 
conductivity of Armco iron between 100 and 500°C.; his results 
are in excellent agreement with those of Powell for the same 
temperature range. Shelton remarked that the difference in 
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thermal conductivities of steels usually is less marked at high 
temperatures than at low temperatures; Powell called attention 
to the divergence of his results from those of Honda and Simidu 
at the lower temperatures and stated that this divergence would 
be discussed in a later publication. Data from the three investi- 
gations are shown in Fig. 20. 

The value 0.182 cal. per sec. per sq. cm. (°C. per cm.) was 
obtained by Sedstrom (f,81) on a vacuum-melted electrolytic 
iron, but Sedstrom stated that he did not consider the value 
reliable. A similar value, 0.187 cal. per sec. per sq. cm. (°C. 
per cm.), was reported by Benedicks, Backstrom, and Seder- 
holm <061> on iron containing 0.254 per cent of impurities. Extra- 
polation to zero carbon, of results on a series of steels, gave 
0.227 cal. per sec. per sq. cm. (°G. per cm.) for the thermal 
conductivity of carbon-free iron. Powell ( 10010 recently reported 
that the thermal conductivity of a sample of high-purity iron 
which was prepared at the National Physical Laboratory was 
0.185 cal. per sec. per sq. cm. (°C. per cm.) at 50°C. and, by 
extrapolation, 0.194 at 0°C. 

The thermal conductivity of Armco iron wire at 0, —78.5, and 
— 183°C. was determined by Kannuhiik, cllKW) as follows: 


Temperature, 

°C. 

0 

- 78.5 

— 183 


Thermal Conductivity, 
cal. per See. per Sq, 
Cm. (°C. per Cm.) 

0. 109 
0. 171 
0.224 


The thermal conductivities# of three samples of vacuum- 
melted electrolytic iron, varying in grain size, were determined 
at 0° and — T93°C. by Eueken and Dittrich. <710) Their results 
converted to the usual units were as follows: 


Average number 
of grains 
per linear cm. 

Thermal conductivity, cal. per nee, per 
sq. cm. (°C. per cm.) 

At 0°C. At -198. PC. 

10 

0.225 

0.439 

170 

0.215 

0.437 

634 

0.197 

0.280 
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Gruneisen and Goens (716 > did not detect any effect of grain 
size on thermal conductivity at low temperatures but found 
impurities to have a greater effect at low temperatures than at 
room temperature. Their results on the effect of impurities 
were : 


Material 

Thermal conductivity, cal. 
per sec. per sq. cm. (°C. 
per cm.) 

At — 190°C. 

At — 252°C. 

Electrolytic iron No. 1 (purest) 

0.360 

0.325 

0.217 

1.34 

0.719 

0.118 

Electrolytic iron No. 2 (intermediate) 

Electrolytic iron No. 3 (least pure) 



The effect of magnetization upon the thermal conductivity 
was reported by Brown (709) who found that a field of 4000 gausses 
decreased it about 0.4 per cent while a field of 8000 gausses had 
no detectable effect. The thermal conductivity of the iron 
used by Brown was 0.179 cal. per sec. per sq. cm. (°C. per cm.) 
at room temperature. Bridgman (431) studied the effect of pressure 
on the thermal conductivity of iron. 

78. Summary of Bata on Thermal Conductivity. — Selection 
of a value for the thermal conductivity of high-purity iron 
from the data available is largely a matter of opinion. The 
negligible amount of work existent and lack of agreement indicate 
the need for more precise data. The International Critical 
Tables C834) give 0.148 and the range of probable values as 0.136 
to 0.160 cal. per sec. per sq. cm. (°C. per cm.). In view of later 
values of 0.197 to 0.225 reported by Eucken and Dittrich C710) 
for electrolytic iron, and of 0.194 reported by Powell ci069) for 
high-purity iron, selection of a somewhat higher value than 
0.148 seems to be justified. The value 0.19 cal. per sec. per sq. 
cm. (°C. per cm.) is suggested as the best present approximation 
for the thermal conductivity of iron at 0°C. The data of Honda 
and Simidu, <372) of Powell, (10(J9) and of Shelton' < 1071 ^ are the only 
available representations of the change of thermal conductivity 
pf fairly pure iron with temperature. 



158 


THE METAL— IRON 


D. THERMAL EXPANSIVITY 

The thermal expansion of iron has boon the subject of con- 
siderable investigation, principally in connection with studies 
of its allotropy. The results of many investigations have been 
reported in the form of differential curves which have served to 
locate the transformation points but which arcs of little worth 
in obtaining values for the coefficient of thermal expansion. 
The dilatometry of iron as related to the study of thcs transforma- 
tions was discussed in a previous section (p. 101). 

The coefficient of linear thermal expansion is the increase in 
length of unit length for 1° rise in temperature, sometimes referred 
to in the literature as the u trues coefficient of expansion” for 
that temperature. The average expansion per degree over a 
temperatures range is termed thcs mean coefficient of expansion 
for that temperature range. 

79. Thermal Expansivity of Alpha Iron at Low Temperatures. 

Valucss for the coefficient of linear thermal expansion at low 
temperatures were reported by Dorsey nf,f ° for iron containing 
the following reported impurities: 0.058 per cent carbon, 0.008 
per cent silicon, 0.071 per cent manganese, and a trace of phos- 
phorus. Valucss were also given by Ebert (772) and Simon and 
Bergman n cimr,) for electrolytic iron. Their data arcs given in, 
Fig. 21. The results of Dorsey and of Ebert arcs in fair agree- 
ment, but those of Simon and Bcsrginann arcs not in accord with 
the results of thcs other observers, particularly above — 80°C. 
Ebert reports 11.1 X 10~ fi per degree centigrade, and the value 
from Dorsey's curve is 11.5 X 10” tt per degree centigrade for the 
coefficient of linear thermal expansion at 0°(b, but thcs value 
from tins curves of Simon and Bcsrginann is 15.1 X 10" which is 
more than 80 per cent higher than either of thcs other valucss. 
The data of Simon and Bergman n show an irregularity at about 
— 50°O., which is not shown in the other curves in Fig. 21. 
However, recent work* with several samples of high-purity iron 
produced evidence of an irregularity in the expansion curve at 
about — 50°C. although the effect is not so pronounced as that 
reported by Simon and Bergmann. 

* Privates communication from Dr. John Johnston, Director of Research, 
United States Steel Corporation. 
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Waggoner c 20 15 determined the coefficients of expansion of a 
series of carbon steels between the temperature of liquid air 
and room temperature. By extrapolation he derived the value 
9.28 X 10“ 6 per degree centigrade for the mean coefficient of 
linear expansion of carbon-free iron in this temperature range, 



an excellent agreement with Dorsey's value, 9.25 X 10“ 6 per 
degree centigrade. 

80. Thermal Expansivity of Alpha Iron at Elevated Tempera- 
tures. — Investigators who have determined the coefficient of 
linear thermal expansion of; iron at elevated temperatures by 
direct measurement include the following: Driesen/ 2795 Maurer 
and Schmidt/ 4415 Souder and Hidnert, (490) Sieglerschmidt/ 9065 and 
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Austin and Pierce. C1046) Essor and Muller <in,7) and Sehinidt ci028) 
calculated the thermal expansion coefficient of iron from X-ray- 
data. Driesen used iron containing 0.05 to 0.06 per c<mt carbon, 
0.08 per cent manganese, 0.023 per cent sulphur, 0.03 per cent 
copper, and traces of silicon and phosphorus. Esser and Muller 
used electrolytic iron and carbonyl iron. Austin and Pierce 



made their measurements on ten specimens which included 
electrolytic iron, carbonyl iron, and ingot iron. Home of Austin 
and Pierce's specimens wore vacuum melted, some 1 , molted under 
hydrogen, and some annealed in hydrogen at 150()°O. The other 
investigators used electrolytic iron. 

The values for the mean coefficients of linear expansion 
of alpha iron obtained by these investigators are given in Table 
20, those for the true coefficient in Table 21 and in Fig. 22. 
In plotting Fig. 22 the values of Driesen and of Bonder and 



Table 20. — Mean Coefficient of Linear Expansion of Alpha Iron 
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Hidnort for the mean coefficient of linear expansion wore plotted 
at the median temperature of the temperature intervals. 


TaIUJQ 21. COHFFXOIMNT OP LlN'BAH EXPANSION' OF AblMIA IRON 



Coefficient, of linear v 

xpansion, millionths per °C. 

Temperature, 



°C. 

Austin and Pieree (,M4n> 

Mi(^lerschniidt C!M,,,) 

100 

12.0 

12.0 

200 

13.8 


300 

14.0 

14.7 

400 

1 0.0 


500 

10.8 

10.5 

600 

10.0 


700 

15.0* 

10.5 

750 

15.3* 


800 

15.0* 


850 

10.2* 



* Averaged by the uuthorn; hoo toxt lx>lo\v. 


The results of Austin and Pierced lu * 10) leal them to state that: 
“At higher temperatures there are considerable differences which 
indicate that in this region the expansion of a given sample of 
iron is sensitive to very small changes in composition or previous 
treatment or both. Consequently, a precise general coefficient 
cannot be given for pure alpha iron between (>0() o O. and the 
Az point.” Austin and Pierce, therefore, did not give selected 
averages for the coefficient of linear expansion of alpha iron 
above 600°C., but the authors averaged the results of their three 
purest samples and included these average values in Table 21, 
along with the selected averages of Austin and Pierce for the 
lower temperatures. Because the values obtained on the 
different specimens at temperatures above 600°C. are not in 
good agreement, the averages of these values, as Austin and 
Pierce have stated, cannot lie accepted as precise. They 
do serve, however, to indicate the coefficient of expansion 
versus temperature relation for high-purity iron at the higher 
temperatures. 

The values for the mean coefficients of linear expansion derived 
by Schmidt' l() “ M) from his X-ray data are lower, whereas the 
values of Esser and Muller, C0U7) also from X-ray data, are higher 
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than the values obtained by most investigators who used direct 
measurement methods. 

81. Thermal Expansivity of Gamma Iron. — Values which 
have been reported for the coefficient of linear expansion of 
gamma iron are given in Table 22. 


Table 22. — Coefficient of Linear Expansion of Gamma Iron 


Investigator 

Tempera- 
ture interval, 
°C. 

Coefficient of 
linear expan- 
sion, mil- 
lionths per 

°C. 

Method 

Driesen <279 > 

900 to 1000 

22.18 

Direct measurement 

Souder and Hidnert< 4 ®°>. 

900 to 945 

23.4 

Direct measurement 

Sat6<« s0 > 

900 to 1400 

22.12 

Direct measurement 

Esser and M filler* 9 07 > . . . . 
Electrolytic iron 

900 to 950 

25.81 

X-rays 

Electrolytic iron 

900 to 1000 

25.53 


Electrolytic iron 

900 to 1050 

25.44 


Electrolytic iron 

900 to 1100 

25.53 


Carbonyl iron 

900 to 950 

24.14 


Carbonyl iron 

900 to 1000 

23.87 


Carbonyl iron 

900 to 1050 

23.96 


Carbonyl iron 

900 to 1100 

24.01 


Schmidt* 1 ® 285 

920 to 1400 

24.1 

X-rays 

Austin and Pierce* 1,1 4(J) . . . 


22.5 

Direct measurement 


The data obtained by direct measurement of the linear expan- 
sion of gamma iron are not sufficient to define the effect of 
temperature on the coefficient. The X-ray data of Esser and 
Muller indicate that the coefficient is constant between 900 and 
1100°C. 

82. Thermal Expansion of Delta Iron. — Sat6 C630) reported 
a value of 16 X 10~ (i per degree centigrade for the coefficient 
of linear expansion of delta iron, approximately an extrapolation 
of that of alpha iron. Ralston C863) recalculated the coefficient 
from Sato's data and obtained 12.5 X 10~ 6 per degree centigrade. 
Calculation of the coefficient from Schmidt's (1028) X-ray data 
gives the value 19.5 X 10 -6 per degree centigrade. 

83. Thermal Expansion of Molten Iron. — Berlin C662) deter- 
mined the density of molten iron at several different tempera- 
tures; from these densities the cubical expansion of molten iron 
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can bo calculated. Berlin’s value for the density of molten iron 
at the .melting point is 7.4; at 17(>0°C. it is 6.9 g. per 
eu. cm. The coefficient of cubical expansion calculated from 
Berlin's data is 0.00043 per degree centigrade between the 
molting point and 1700°C. Benedicks, Ericsson, and Ericson <sl7) 
reported the specific volume of electrolytic iron as 0.1384 at the 
.melting point and as 0.1397 at 1600°C. These data give the 
value 0.00014 per degree centigrade for the coefficient of cubical 
expansion of electrolytic iron between the melting point and 
16(K)°C. 

84. Thermal Expansion at the A» Point. Investigators 
generally have failed to find any abnormality in the thermal 
expansion of iron at the A •> point. Benedicks^-” 7 ’ found a slight 
deflection at 760 to 775°C. in the differential dilatomctric eurve 
of iron against gold, l.jut this deflection was only 0.003 of that 
at the A;i point. (Jhevonnrd taofi * also noted a slight negative 
value for the differential expansion of electrolytic iron against 
Pyros metal at 765°C. As (•hovenard's furnace was non- 
inductively wound, he did not consider the deflection a magneto- 
strietive effect as had been suggested by others. Ralston , s <868> 
coefficient of expansion versus temperature curve showed the 
coefficient rising to a maximum at about 5f>0°O. and them decreas- 
ing to the An point, while the curve given in Abegg’s Hand- 
book tul4) rises to a maximum at about 76C)°(k and then decreases 
to a minimum at the An point, both curves representing selected 
averages of previous investigators. The work of Austin and 
Pieree n(M,i) indicated that the coefficient passes through a maxi- 
mum near 450 o O., then through a minimum at the A » point 
followed by an increase to the As point. Coefficients derived 
by Esser and Mtiller (uu7> from their X-ray data agree with the 
results of Austin and Pierce. 

86. Thermal Expansion at the A 3 Point.-- A sudden contrac- 
tion occurs as iron is heated through the An range; conversely, 
an expansion occurs upon cooling through this range. Austin 
and Pierce O040) found that the change in length differed greatly 
with different samples and that with the purest samples the 
expansion upon cooling exceeded the contraction, upon heat- 
ing. They cited other writers who had observed this perma- 
nent increase in length of specimens of high-purity iron when 
repeatedly heated and cooled through the An transformation 
and concluded that “pure iron is not a suitable material for 
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measuring the change in macroscopic linear dimensions of iron 
at the A 3 inversion, since the change is neither reversible nor 
predictable.” Souder and Iiidnert C490) observed the opposite 
effect with their electrolytic iron: On heating and cooling through 
the alpha-gamma transformation, the contraction upon heating 
was greater than the expansion upon cooling, resulting in a 
permanent decrease in the length of the specimen. The varia- 
bility in expansion and contraction at the inversion possibly 
accounts for the discrepancies in the values reported by the 
different investigators for the change in length at A 3 , as follows: 

Linear Change at the As 
Investigator Point, Thousandths A L/L 

Drieson (279) 1.9 

Benedicks (207) 0.82 

Ch even ard ( 3605 2.2 

Souder and Hidnert <400) 1.31 (heating) 

0.16 (cooling) 

Sat 6 < 030 > 2.82 

Austin and Pierce (1040) 2.6 

Calculated from the X-ray data of Schmidt < 10285 3. 5 
Calculated from the X-ray data of Esser and 
MtUler < 0075 3.8 

The values ascribed to Schmidt and to Esser and Muller were 
calculated from values for the lattice constants of alpha and 
gamma iron obtained by extrapolation to 900°C. of their respec- 
tive data. Austin and Pierce reported 2.6 X 10“ 3 as the value 
they derived from Schmidt's X-ray data. This was apparently 
obtained from. Schmidt's lattice constants for 890 and 920°C. 
without extrapolation. 

86 . Thermal Expansion at the A 4 Point. — The change in the 
linear expansion at the A 4 point is positive; there is a sudden 
expansion during heating and a sudden contraction during 
cooling. The only direct determination available is that of 
Sat 6 (030) which is given below with the values calculated by the 
authors from the X-ray data for gamma and delta iron: 


Linear Change at 
the A 4 Point, Thou- 

Investigator sandths A L/L 

Sat 6 <« 30 > 0.851 

Calculated from X-ray data of Westgren and Phrag- 

m<f;n (493) 3.2 

Calculated from X-ray data of Bacht 8165 2.6 

Calculated from X-ray data of Schmidt ( 10285 1.4 
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87 . Volume Change at the Melting Point. —In view of the 
great discrepancies between the values of various investigators 
for the density of molten iron, values for the volume change 
at the melting point, calculated from those density values, are 
of little worth. Honda and Endo (722) calculated the volume 
change in “pure” iron during solidification as —4.4 per cent, 
based on extrapolation of Westgren's value for the lattice con- 
stant of delta iron and on Benedicks 7 value of 6.97 g. per on. cm. 
for the density of molten iron. However, if the later value of 
Benedicks, Ericsson, and Erieson for the specific volume of iron 
at the molting point, 0.1384 cu. cm. per g. (corresponding to a 
density of 7.23 g. per cu. cm.), is used in the calculation, the 
volume change on freezing is found to be —0.94 pea* cent, whereas, 
if Berlin's value, 7.4 g. per cu. cm., is used for the density of 
molten iron at the melting point, the volume change on freezing 
appears to be +1.4 per cent. 

88. Summary of Data on Thermal Expansivity. — The data 
of Dorsey <ur>) and of Ebert (772) for the coefficient of linear thermal 
expansion of iron at temperatures# below 0°C. are in fair agree- 
ment. The iron used by Ebert was superior in purity to that 
of Dorsey, hence Ebert's values are preferred. The values of 
Simon and Borgmann <0tt0> are not in accord with those of other 
investigators. 

In the temperature range 0 to 60()°C. the results of the various 
investigators are in fair agreement. The high purity of the 
specimens used by Austin and I > ioree (,(,4,u and the probable 
sensitivity of their apparatus (the vacuum interferometer) seem 
to justify selection of their data as the most probable. The 
results of Austin and Pierce for alpha iron above 600°G. vary 
considerably from those obtained by other investigators who 
used direct measurement methods. Whether this variance is 
due to the higher purity of the specimens used by Austin and 
Pierce or is a result of some peculiarity of their apparatus cannot 
be readily judged. Until the results of Austin and Pierce are 
confirmed or disproved, the dilatometric behavior of high-purity 
iron between 60()°C. and the As point is conjectural. 

The value 22,5 X 10™° per degree centigrade, obtained by 
Austin and Pierce <1046) for the coefficient of linear thermal 
expansion of gamma iron, is approximately an average of the 
other values obtained by direct measurement. The X-ray data 
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of Esser and Muller< 9 ' J7J and Schmidt (102S > indicate that the thermal 
expansion coefficient of gamma iron is constant between the 
A 3 and A 4 points. 

The value of 2.6 X 10“ 3 reported by Austin and Pierce for 
the change in length at the As point is approximately an average 
of the available data for high-purity iron. The available 
information on the thermal expansion of delta and molten iron, 
on the change in length at the A d point, and on the volume 
change at the melting point is so inadequate that a selection of 
probable values is impossible. 

E. AUTHORS’ SUMMARY 

Borne of the thermal properties of iron can be stated in numeri- 
cal terms, others are conveniently expressed in the form of 
curves. In some cases there are not enough data available 
to justify a selection. 

It is suggested that 1535°C. (2795°F.) be accepted as the best 
present approximation of the melting point of high-purity iron 
and that 3000°C. (5430°F.) be accepted as the corresponding 
value for the boiling point. The vapor pressure of iron is very 
small at all temperatures below the melting point, according to 
the data in Table 11 (p. 134) but, according to Kelley (1078) , 
increases rapidly with increasing temperature above this point. 

The values which have been selected for the various phases of 
the heat capacity of iron are taken chiefly from the critical 
reviews of Austin. cobs.obo Figure 18 (p. 146) summarizes Austin’s 
results for the specific heat of iron between absolute zero and 
1600°C. ( — 460 and 2910°F.). There is probably no heat effect 
accompanying the A 2 transition. Klinkhardt’s (726) value, 3.86 
cal. per g. (216 cal. j)er g- atom), and Ralston’s (853) value, 1.7 cal. 
per g. (95 cal. per g. atom), are selected for the heat effects of 
the A 3 and A 4 transformations respectively. The value 65 cal. 
per g. (3630 cal. per g. atom) is suggested as the best present 
approximation for the heat of fusion of iron. The data of 
Austin C9r,8) for the entropy, heat content, and free energy of iron 
over a wide range of temperature are given in Tables 18 and 
19 (pp. 152, 153). For temperatures below the A 2 point, the form 
of the heat capacity versus temperature curve has been established, 
but the different investigators are not in agreement in regard 
to the numerical values. However, as Austin C966) pointed out, 
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the accuracy of the best data for this temperature range is 
probably sufficient for practical purposes. Above the A 2 point 
both the form of the curve and the numerical values are contro- 
versial. The doubtful accuracy of the data for specific heat at 
high temperatures naturally affects the related data for heat 
content, free energy, and entropy. The available data show 
clearly that further work on the thermal properties, particularly 
of gamma and delta iron, is necessary. 

The few data which are available for the thermal conductivity 
of high-purity iron indicate that 0.19 cal. per sec. per sq. cm. 
(°C. per cm.) is the most probable value for this property at 0 °(k 
The effect of temperature on the thermal conductivity is shown 
in, Fig, 20 (p. 155). 

Available data for the thermal expansivity of iron from —225 
to 1500°C. ( — 875 to 2730° F.) are summarized in Figs. 21 and 22 
(pp. 159, 160). The irregularity at about — 5()°0. ( — 6()°F.), 
which was shown by the data of Simon and Bergman n, a)0<J) has 
been confirmed by recent work although the confirmation is qual- 
itative, not quantitative. There is no expansion or contraction 
accompanying the A •> transition. When iron is heated through 
the A 3 range a contraction occurs ; conversely an expansion occurs 
on cooling. The amount of this change varies with different 
specimens, and expansion and contraction of the same sample 
are not necessarily equal. The change in linear expansion at 
the A 4 point is in the reverse direction to that of the change at 
the A .3 point. The change from gamma to delta iron is accom- 
panied by an expansion, the reverse change by a contraction. 
The solidification of molten iron is accompanied by a contraction 
in volume, but the amount of tins contraction, for high-purity 
iron, has been determined only by calculations based on density 
data. The density of high-purity iron has not been accurately 
determined at temperatures near the melting point; consequently, 
the calculated values for the solidification shrinkage vary from 
about 1 to 5 per cent, depending upon the selected densities on 
which the calculations are based. 

Accurate determination of the thermal properties of high- 
purity iron, at all temperatures but particularly at temperatures 
above 500 or 600°O. (980 or 1110°F.), is a subject for future 
investigations. 
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ELECTRIC PROPERTIES 

Resistivity — Thermal Electromotive Force — Peltier Effect — Thomson 

Effect — A uthors ’ Summary 

Mention of the electric properties of a metal suggests discussion 
of the conductivity or of the reciprocal property, resistivity. 
Metallic elements in general are conductors of electricity but 
differ widely in their capacities in this respect. The conductivity 
of iron is appreciably lower, and the resistivity is higher, than the 
corresponding properties of copper, for example. Iron has 
found some use as a constituent of resistance alloys, but the 
principal interest in the resistivity of iron is in relation to the 
magnetic characteristics of the metal.* The thermoelectric 
properties, which include the thermal electromotive force, and 
the allied phenomena of Peltier and Thomson effects, are of 
scientific rather than of technical importance, with the exception 
that the thermocouple of iron and constantan is extensively used 
in industry. 

Determinations of the electric properties as well as other 
properties of iron at different temperatures have been used in 
the study of the allotropy of iron. This subject was discussed 
in a preceding chapter. 

A. ELECTRIC RESISTIVITY 

The electric resistivity of metals is greatly influenced by the 
presence of impurities and to a lesser extent by the thermal and 
mechanical treatments to which the metal has been subjected. 
Even with the influence of these variables added to the experi- 
mental errors, the agreement of the reported values for the 
electric resistivity of iron is not so good as might be expected. 

* A considerable tonnage of low-carbon (less than 0.10 per cent) basic 
open-hearth steel, both ordinary and rephosphorized, is used as a conductor 
in telephone and telegraph circuits. The best grade of this wire has ten to 
twelve times the resistance at room temperature of copper wire of the same 
cross section. 
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In the ensuing discussion of resistivity, values for the tem- 
perature coefficient of resistance also will be considered. This 
function for solid iron is the ratio of the change in resistance 
per degree over the temperature interval to the resistance at 
0°C. according to the equation : 

Temperature coefficient, a = /> V/ v 

n ote C ) 

where Rt, Rt'j and Rq are the resistances at temperatures t, t r , 
and 0°C. All the values for the temperature coefficient which 
are used in this monograph have been computed according to 
this equation. In the few cases where investigators have 
reported temperature coefficients which were obtained by other 
formulas, the values ascribed to these investigators in this review 
have been computed from their resistance data according to the 
accepted formula. The temperature coefficient for the tempera- 
ture range from 0 to l()0°O. is termed the fundamental coeffici- 
ent. This value, according to information available at present, 
increases with increasing purity of the metal and, therefore, 
serves in many cases as an indication of the comparative purity 
of the specimens which were used in different investigations. 
For this reason, values for the fundamental coefficient are 
included, if available, in the discussion of resistivity values in 
preference to reviewing them in a separate section. 

89. Early Work on Resistivity at Low Temperatures.— Of 
the iron specimens used by Dewar and Fleming <r * fl> in their classic 
work on the low-temperature properties of materials, only the 


Tabmb 23.— -Rkhi STANCH OF “H W lltON’” at Low Tmmi»wiiatijhhh* 


Temperature 

RcHintivity, 

Ratio, lit/ Hi i 

°K. 

°C. 

mierohm-cm. 

273.2 

0 

9.065 

1 . 000 

234.0 

- 39.2 

7. 168 

0.791 

191.3 

- 81.9 

5.318 

0.586 

76.1 

-197.1 

1 . 220 

0. 135 

54.2 

-219.0 

0.725 

0.080 

51.0 

-222.2 

0.660 

0.073 

50.8 

-222.4 

0.649 

0.072 

50.5 

-222.7 

0.644 

0.071 


* Dewar and Fleming. 
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“H W iron,” results of which are recorded in Table 23, appears 
to have been of sufficient purity* to warrant consideration in 
the present review. Dewar and Fleming observed that the 
purer the metal the closer the approach to zero resistance at 
absolute zero of the (extrapolated) resistivity-temperature 
curve. They surmised that with perfect purity metals would 
have no resistance or at most an extremely small residual resist- 
ance at absolute zero. 

The low-temperature resistance values obtained by Niccolai <182) 
on Kahlbaum iron are considerably higher than those reported 
by other investigators. Niccolai found that the ratio of resist- 
ance at — 189°C. to that at 0°C. was 0.249, whereas Schimank (315) 
reported the Rt/Ro ratio for Kahlbaum iron as 0.1033 at 
— 192.6°C., and Holborn C400) gave the ratio as 0.0848 at 
— 192. 7°C., also for Kahlbaum iron. The data of Schimank C315) 
given in Table 24 were obtained on annealed Kahlbaum iron 
and on unannealed Heraeus electrolytic iron. Schimank made 
the first measurements of the electric resistance of iron at the 
temperature of liquid hydrogen. 

Table 24. — Resist ance of Iron at Low Temperatures* 
Kahlbaum iron, annealed Heraeus iron, unannealed 

Temperature Temperature 


° K . 

° c . 

Rt/ R o 

° K . 

° C . 

Rt/Ro 

273.2 

0 

1.000 

273.2 

0 

1.000 

197.8 

- 75.4 

0.6130 

198.3 

- 74.9 

0.6148 

80.6 

- 192.6 

0.1033 

80.6 

- 192.6 

0.1088 

20.4 

- 252.8 

0.0280 

20.4 

- 252.8 

0.0330 

* Sohimank.<* l5 > 


The data in International Critical Tables t for the resistance 
of iron at low temperatures are those of Holborn (400) for Kahlbaum 
nitrate iron, which was stated to contain 0.001 per cent man- 
ganese, 0.004 per cent copper, 0.004 per cent nickel and cobalt, 
and traces of other elements. Resistance values reported by 
Holborn for two samples of Heraeus vacuum-melted electrolytic 

* See p. 175 for note on the purity of Dewar and Fleming’s specimen, 
t Volume 6, p. 127. 
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iron wore somewhat higher than those obtained on the nitrate 
iron; temperature coefficient values for electrolytic iron I and 
for Kahlbaum iron were: 


Temperature interval, 

1 Temperature coefficient X 100 



°C. 

Electrolytic, iron 1 

Kahlbaum iron 

0 to - 78 

0.5322 

0.5302 

— 78 to -195 

0.42*17 

0.4311 


The presumption therefore is that the latter was the purer 
material. Holborn’s data on the three materials are given in 
Table 25. 


Tabojhj 25.-- linsisTAN'cic of Iron at Low Twm cm rati runs* 


Electrolytic iron I 

Eleei 

l.rolytie iron 1 1 

Kahlbamn iron 

Temperature 


Temperature 


Temperature 





Rt/Ro 



,1 

At /At. 




At/At, 

TC 

°0. 


°K. 

°o. 


°K. 

°a 


273 . 2 

o 

1 . 000 

273.2 

0 

1.000 

273 . 2 

0 

1 .(KM) 

194.8 

— 78.4 

0 . 5828 

194.9 

- 78.3 

0.5838 

195. 1 

- 78. 1 

0.5780 

80.7 

-192.5 

0.0982 

81.0 

1 92 2 

0.0990 

80 . 5 

- 1 92 . 7 

0.0848 






i 

20.2 

— 253 

0.0113 










* Holborn,<«»> 


90. Recent Work on Resistivity at Low Temperatures. * 

llibbeek<‘ W4) reported the specific resistance of electrolytic iron 
as 5.0 mievrohm-om. at — 78°G. and 0.8 mierohm-em. at — 185°0. 
The Rt/Ri) ratio was 0.56 at — 78°(1 and 0.09 at — ,1S5°G. Three 
sets of values for the resistivity of electrolytic iron were reported 
by Griineison and Goons. <7U> Whether the considerable differ- 
ence in these three sets was due solely to the different mechanical 
and heat treatments of the specimens and, therefore, to the 
crystal size, or to a difference in chemical composition is not (dear 
from the paper. The data of Griineison and Goons arc given 
in Table 26. 
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Table 20. Resistance of Iron at Low Temperatures* 


Tempera- 

ture 

Electrolytic iron I, 
double-deposited, 
worked, and an- 
nealed 

Electrolytic iron II, 
polycrystalline, not 
annealed i 

Electrolytic iron 
III, large crystals, 
worked, annealed 
for 1 hr. at 500°C. 

°K. 

°C. 

Rt/Ro 

Resistivity, 

inicrohm- 

cm. 

Rt/R o 

Resistivity, 
micro hm- 

cm. 

Rt/ R q 

Resistivity, 

microhm- 

cm. 

273 . 2 

83 . 2 

21.2 

0 

-UK) 
— 252 

1 . 000 

0.08931 

0.00781 

8.71 

0.778 

0.008 

1.000 

0.1020 

0.0158 

9.11 

0.929 

0.144 

1.000 

0.193 

0.1065 

9.95 

1.917 

1.060 


* GriinoiHon and Goon8.oi«) 


Two investigations were reported by Meissner, in 1926 (678) 
and 1929, (S47) but the latter is so much superior as to warrant 
limiting consideration to the 1929 data, reproduced in Table 27. 
Meissner carried his investigation of the resistance of iron to 
1.30° absolute ( — 272°C.) and found no indication of super- 
conductivity, thereby confirming the observation of Tuyn and 
Qnnes. <744) It will be seen from inspection of Meissner's data 
that a minimum resistance, different for each iron, was reached 
at about ~269°C., no further decrease in resistance occurring 
with decrease in temperature. Whether this residual resistance 
is a property of the iron itself or is a result of the presence of 
impurities in the specimens will be determined by investigation 
of iron of higher purity. 

91. Summary of Resistivity at Low Temperatures. — As the 

evidence appears conclusive that the R t /Ro ratio for a metal 
at temperatures below 0°G. becomes lower with increasing 
purity of the metal, there seems to be justification for the selec- 
tion of the lowest set of values, those obtained by Meissner on 
the Griesheim electrolytic iron, as the most probable for the 
low-temperature resistivity of pure iron. The resistivity- 
temperature curve (Fig. 23) was plotted from these values with 
the inclusion of Holborn’s value, 0.5786 at — 78.1°C. as an 
intermediate point. 

92. Early Data on Resistivity between 0° and 100°C. — The 

earliest value for the resistivity of “pure” iron seems to be that 
of Preece, (38) reported in 1887. The materials used were com- 
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Tablk 27.- Rkhihvanch ok Ikon at Low Tbmpmuavuiu&h* 


Temperature 


Ratio, lit/Iiv 





Kahlhaum 
iron, an- 
nealed 

Griesheim 

II emeus elee- 

°K. 

"O. 

I lolbrook 
nitrate iron 

elect roly tie 
iron, an- 
nealed 

trolytic iron, 
worked, largo 
crystals 

273 . 20 

0 

1 

1 

1 

1 

83.91. 

— 189. 29 

0. 1002 

0.0952 



78.25 

— 1 94 . 95 




0.0750 

78.21 

1 94 .99 



0.0741 

20 , 39 

— 252 . 8 1 



0.00701 

0.00892 

20.38 

- 252.82 

0.0151 

0.01 12 

4.22 

— 208 . 98 



0.00020 

0.00818 

4.21 

™ 208. 99 

0.014 I 


3.71 

209.49 

0.0141 




1 . 98 

....... 27 1 , 22 


0.0102 

0.00018 

0.00819 

1 . 30 

271 .90 

0.0141 

0.0103 








Ratio, Ht/Un 


Temperature 

Kreusler iron 

Siemens and Jlalske 
iron 

Eledroly- 




Annealed 


Annealed 

t ic. iron, an- 
nealed 3 hr. 
a t 300"O. 

°K. 

! 

; 


Un- 

3 hr. at 

Un- 

3 hr. at 

(570" P.), 
etched 

v^. 

treated 

300 "C. 
(r>7(rK.) 

treated 

300"O, 
(570" P.) 

273.20 

0 

1 

l 

1 

t 

1 

IK). 47 

81.74 

77.75 
20.44 
20.42 j 

-182.73 
- 191.40 
-195.45 
— * 252 .70 
-252.78 

0.0850 

0.0181 

0.0822 

0.0103 

0. 1734 
0. 1482 

0.0070 

0. 1490 

0. 1240 

0.0430 

i 0.1220 

0.0414 

4.23 : 
4.22 

-208. 97 
— 208 . 98 

0.0104 

0.0154 

0.0044 

0. 0420 

0.0390 

3.71 

-209.49 


0.0151 

0.0043 

0.0419 

0,0390 

1.38 

1 . 35 

-271.82 

-271.85 

0.0103 

0.0150 

0.0043 

0.0419 

; 0. 0390 

! 


* M«iNHn<'r. tMVn 
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mercial irons, the purest a Swedish iron having a resistivity of 
9.907 microhm-cm. at 14°C. By extrapolation to zero impurities 
Preece derived the value 9.753 microhm-cm. for the resistivity of 
pure iron at 14°C. A much higher value, 11.9 microhm-cm., 
presumably at room temperature, was reported the following 
year by Kohlrausch (43) as the resistivity of an electrolytic iron 
prepared by the Klein process. Dewar and Fleming (56) obtained 
a resistivity of 9.07 microhm-cm. at 0°C. for a specimen of iron, 



Tern pe rort u re , d eg , C . 

Fig. 23, — Electric resistance of iron at low temperatures. 

designated “Ii W iron,” which seems to have been rather pure 
as judged by the fundamental coefficient, 0.00625 per degree. 
The fundamental coefficient for basic open-hearth ingot iron 
containing 0.13 to 0.15 per cent of impurities is about 0.0061. 
The "H W iron” used by Dewar and Fleming apparently was of 
somewhat higher purity than basic open-hearth ingot iron. 

The value 7.6 microhm-cm. at 16°C., proposed by Benedicks^ 107 ’ 
for the resistivity of pure iron, was obtained from that of impure 
iron by an extrapolation based on the assumption that atomically 
equivalent amounts of different elements present in iron cause 
equal increases in the resistivity. This hypothesis has been 
shown to be erroneous by Portevin,< 199 - 310 > Norbury/ 4 ^ and 
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others. Portevin, repeating Benedicks' work, found that 
extrapolation to zero impurities for a series of steels gave 9.3 
mierohm-em. at 20°C., a more probable value for the resistivity 
of pure iron. The results obtained by extrapolation to zero 
impurities, although not strictly reliable, nevertheless furnish 
at least a qualitative indication of the merits of the results for 
resistivity. The question is discussed in more detail in a later 
section of this chapter. 

The resistivity of the supposedly pure iron prepared by 
Kreusler (180) in 1908 by ignition and reduction of precipitated 
ferrous oxalate was 9.4 microhm-em. at 0°(J. In the same 
year Nieeolai <lK2) reported the resistivity of Kahibuum reduced 
iron, produced from ferrous oxalate;, to be 10.68 microhm-cm. 
at 0°a The fundamental coeffieients of the two materials, 
0.0055 per °G. for the Kreusler iron and 0,00557 for the Kahlhaum 
iron, indicated that they wort; of about the same; degree of purity, 
in contrast to the marked difference in the; values for the resistivi- 
ties. The Physikaliseh-Techmsehe Reiehsanstalt 080 * in 1908 
also reported the fundamental coefficient of Kahlhaum iron as 
0.0055 and the resistivity at 18°C. as 10.4 mierohm-cm. which at 
0°C. would be about 9.4 microhm-em. The r(;sistivity rc;ported 
by the Iteichsanstalt for iron pn;parc;d by ignition and reduction 
of roerystallized ferric nitrates was 10.0 mierohm-em. at 18°C. 
The fundamental coefficient between 0° and 100°C. being 0.0059 
per degree centigrade, the resistivity at 0°(h would lx; about 
9.05 microhm-em. The analyses reported by the Iteichsanstalt 
were: 


Peruon tagt; 


Idem cut 


Kahll>aum iron 
(from oxalate) 


Nitrate iron 


Manganese 0 . 025 0 . 001 

Copper 0.03 0.004 

Nickel 0.06 0.004 

Carbon . . . . Trace Tract; 

Silicon Trace Trace 


The fundamental coefficients indicate, considerably lower purity 
than is shown by the analyses. Presence of considerable oxygen 
would be expected in reduced iron not melted under hydrogen. 
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93. Recent Data on Resistivity between 0 and 100°C. — A 

vacuum-melted electrolytic iron stated to have an iron content 
of 99.983 per cent was reported by Wenner and Lindberg* (834) 
to have a resistivity of 9.78 microhm-cm. at 20°C. In 1918 
Gumlioh (387) reported a number of values; two values, 9.74 and 
9.92 microhm-cm. at 20°C., were for Fischer electrolytic iron, the 
remainder were obtained by extrapolating to zero impurities 
the resistivities of a series of irons and steels. The values 
obtained by extrapolation were all higher than the measurements 
on electrolytic iron, an indication of the unreliability of extrapo- 
lation as a method of obtaining the resistivity of pure iron. 

Several values for electrolytic iron are found in the reports of 
Yensenis investigations of electric and magnetic properties. In 
1914 (321) he reported the average resistivity of 15 samples as 
9.96 microhm-cm. at 20°C. The following year< 342) two values, 
9.82 and 9.85 microhm-cm. at 20°C., were obtained on electrolytic 
iron containing 0.01 per cent carbon and 0.01 per cent silicon. 
In 1924,* 69( ° resistivities of from 9.91 to 10.25 microhm-cm. at 
20°G. were obtained on electrolytic iron with an average of 
0.045 per cent of reported impurities. Extrapolation to zero 
impurities gave 9.6 microhm-cm. as the resistivity of pure iron 
at 20°G. 

The resistivity of basic open-hearth ingot iron stated to contain 
0.07 5 per cent of impurities, exclusive of oxygen, was determined 
by 0:unpbolb' 3fir,) as 10.G4 microhm-cm. at 25°C. The funda- 
mental coefficient was 0.0060. Campbell and Mohr C653) obtained 
10.44 microhm-cm. for the resistivity of ingot iron and, by 
extrapolation, 10.0 microhm-cm. for the resistivity of pure iron 
at 25°G. Powell a009> found that the resistivity of ingot iron 
was 9.6 microhm-cm. at 0°C. and 15 microhm-cm. at 100°C. 
The fundamental coefficient for this material was 0.0056 per 
degree centigrade, a value which is appreciably lower than that 
ordinarily obtained for Armco iron. Electrolytic iron, after 
treatment in hydrogen for seven days at 950°C. to remove carbon, 
had a resistivity of 10.02 microhm-cm. at 25°G. as reported by 
Campbell.*™ 0 

The only impurities detected in the electrolytic iron used by 
Yamada ((wli) were carbon and sulphur, the reported amounts 
of each being 0.006 per cent. This iron had a resistivity of 9.99 

* International Critical Tables, vol. 6, p. 136. 
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microhm-cm. at 20°C, By extrapolation of the resistivities of a 
series of low-carbon steels, the value 10.12 microhm-om. was 
obtained as the resistivity of pure iron at 20°G. 

A specimen of annealed elecitrolytic iron prepared by a double 
eleetrodeposition had a resistivity of 8.71 .microhm-om. at ()°G. as 
determined by Gruneisen and Goons. <71(5> Their results on two 
other elecitrolytic irons were 9.11 and 9.95 microhm-tun. at ()°C. 
The resistivity reported by Sedstr6m (f,81) in 1924 for Heraeus 
electrolytic iron, 11.6 microhm-cm. at 0°O., is higher than most 
investigators have obtained on high-purity iron. The same is 
true of the value reported in 1929 by Sizoo and Zwikker/ 8(5t) 
10.3 , microhm-cm. at 0°G., also obtaincid on Heraeus electrolytic 
iron. The fundamental coefficients 0.00520 per degree centigrade 
for the iron used by Sods tr 6 m and 0.0058 per degree centigrade 
for the iron used by Sizoo and Zwikkor, indicate that inferior 
purity may be the explanation of the high resistivities. The 
reported data of the resistivity and fundamental coefficient of 
iron between 0 and 100°C. are given in Table 28. 

94. Summary of Resistivity between. 0° and 100°C.— The 
values for the resistivity of iron at 20°G. which seem most likely 
to be precise are those obtained by Gumlieh, 9.74 and 9.90 
microhm-cm., and by Won nor and Lindborg, 9.78 microhm-cm. 
A rounded value of 9.8 microhm-cm. is suggested as the best 
present approximation for the resistivity of iron at 20°C. 

Although an average of the best values for the fundamental 
coefficient of iron would be under 0.0065 per degree centigrade 
considerable weight must be given to tins value 0.00657 per 
degree centigrade reported by Jlolbom and by Meyer. A 
rounded value of 0.0065 per degree centigrade is suggested as the 
best present approximation for the fundamental coefficient of 
iron. 

95. Early Data on Resistivity at High Temperatures.— 

Investigations of the resistivity of iron at high temperatures 
have had one or both of two ends in view: the determination of 
critical ranges by electric-resistance methods and the determina- 
tion of the effect of temperature on the resistivity of iron. The 
first phase of the subject has been discussed in the section on 
the allotropy of iron (Chapter IV); only the investigations of 
the variation of resistivity with temperature are reviewed 
here. 
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The determination by Morris< 75 > in 1897 of the resistivity of 
Swedish transformer iron between 0 and 1100°C. (32 and 2010°F.) 
is probably the earliest investigation in which a material of fair 
purity was used. The value of the fundamental coefficient for 
the iron, 0.0060 per degree centigrade, as derived from Morris' 
data, is the sole criterion of the purity of the material, no analysis 
being given. The resistivity of the iron at 0°C. was 10.05 
microhm-cm. The values found by Niccolai (182) for the resistiv- 
ity of Kahlbaum iron are in fair agreement with those of Morris 
between 100 and 400°C, (210 and 750°F.), the highest tem- 
perature to which Niccolai carried his measurements. 

Three types of high-purity iron were used in an investigation 
by Meyer : (246) Kahlbaum reduced iron prepared from ferric 
nitrate, basic open-hearth ingot iron, and Langbein-Pfanhauser 
electrolytic iron. The basic open-hearth ingot iron was stated 
to have an iron content of 99.94 per cent but the oxygen content 
was apparently neglected in arriving at that figure. The 
impurities found in the Kahlbaum iron and in the electrolytic 
iron were: 


Element 

Percentage 

Kahlbaum iron 

Electrolytic 

iron 

Carbon 


0.00 

Copper 

0.004 

0.00 

Sulphur 

Trace 

<0.008 

Manganese 

0.001 

0.00 

Silicon 

0.015 

0.00 

Phosphorus 


0.007 

Nickel 

0.004 


Total 

0.024 

0.015 


Meyer's results seem somewhat erratic in that the low resistivity 
of 8.53 microhm-cm. was obtained on the Kahlbaum iron at 
0°C. as compared with 9.35 microhm-cm. for the electrolytic iron 
of about the same degree of purity, and 9.57 microhm-cm. for 
the basic open-hearth ingot iron. On nitrate iron, similar in com- 
position to the Kahlbaum iron used by Meyer, the Physikalisch- 
Technische Reichsanstalt (186) obtained the previously mentioned 



Table 28, — Electric Resistivity and Temperature Coefficient of Resistance of Iron between 0 and 100 C, 


180 


TUB METAL— IRON 



Grimeisen and Goens* :: * J 1927 j From double elec trodeposit ion \ 0 8.71 j 8.7 

Si zoo and Zwikker^ 1 - 1 i 1929 I Heraeus electrolytic iron I 0 10.3 O.OG5S 10.3 



ELECTRIC PROPERTIES 


181 




182 


THE MET AIj— IRON 


resistivity of 10.0 mierohm-cm. at 18°C. or about 9.05 at 0°C. 
Meyer also reported 0.00821 for the fundamental coefficient of 
the Kahlbaum iron, whereas the Reiclnsanstait value was 0.0059. 
Meyer reported fundamental coefficients of 0.00007 per degree 
centigrade for the basic open-hearth ingot iron and of 0.00657 
for the electrolytic iron. The latter value is identical with the 
value reported later by I IoIborn (,,m,) for electrolytic iron. The 
considerable discrepancies between the results of Meyer on 
the Kahlbaum iron and those of other investigators on similar 
material indicates tins presence of experimental errors sufficient 
to justify the exclusion of his data for that material from con- 
sideration in arriving at probable values for pure iron. Meyer’s 
results on electrolytic iron and basic open-hearth ingot iron are 
more in line with those of other investigators. However, the 
slope of the temperature-resistance curve for each of his three 
irons reaches a maximum at about 700°C. (1290°F.) whereas 
all other investigators have obtained the; maximum value at 
temperatures above 750°C. (1380°h\). This indicates that 

Moyer's temperature measurements may have; been erroneous. 

96. Recent Data on Resistivity at High Temperatures. — 
Kahlbaum iron was also used by Honda and Ogura (3Ufl> in their 
investigation of the temperature-resistance relation of iron 
between 18 and 1015°C. (65 and 1860°1<\). A discontinuity in 
their curve at the A » point was due to insufficient points in the 
range, tins (surlier work of Morris t7B) and the later work of 
Burgess and Kollberg l38B) indicating a smooth curve at that 
point., The results of Honda and Ogura wore reported as resist- 
ance of the particular wire used, but as the dimensions of the 
wire were given a rough calculation of the resistivity can be 
made. The; values so obtained are much higher than have been 
reported by other investigators, particularly in the lower tem- 
perature ranges. 

The purpose of the investigation by Burgess and Kollborg ( ® 26) 
was the determination of the form of the resistance-temperature 
curve; of iron over the A * and A a ranges. The resistance measure- 
ments were made on electrolytic iron (reported impurities 
0.02 per cent) in the form of a. resistance thermometer ; tempera- 
tures were determined by a platinum resistance thermometer 
encased with the iron. The results were reported as resistance 
in ohms of an iron wire of unstated dimensions, not, as was 
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assumed by Ralston/ 8 5 3 > as resistivity. The investigation, 
although of value in defining accurately the form of the resistance- 
temperature curve of iron, does not give information as to the 
resistivity. However, the resistivity of a specimen of the same 
iron was determined by Wcnner and Lindberg< 834 > * to be 9.78 
microhm-cm. at 20°C. The resistance at 20°C. of the wire used 
by Burgess and Kellberg can be found by interpolation on their 
curve extended to include their values for the resistance of the 
wire at 0 and 10()°C. ; the value so obtained by the authors of 
this monograph is 1.078 ohms. Their resistance values can 
then be converted to resistivity by multiplication by 9.78/1.078. 
The values credited to Burgess and Kellberg in Table 29 were 
obtained in this .manner. The resistance measurements of 
Burgess and Kellberg between 250 and 950°C. (480 and 1740°F.) 
were carried out with precision, using temperature intervals 
of 2 to 3°C. Hence, their curve shows the temperature-resistance 
relations of their iron above 250°C. with considerable exactness. 
The resistivity values computed from the Burgess-Kellberg data 
are less precise, as the value selected for the resistance of their 
iron at 20°C. depends upon the form of the extrapolated tem- 
perature-resistance curve, which is defined below 250°C. only 
by the points at 0 and 100°C. 

Burgess and Kellberg found that the resistance of their iron 
was slightly lower on cooling than on heating, which they ascribed 
to a difference in the rates of heating and of cooling. However, 
the data of Saldau C3r,r,) show the reverse, the iron during cooling 
having a considerably higher resistance than during heating. 
In Saldauts data, the resistivity of Kahlbaum iron at 25°C. was 
increased from 10.457 to 10.920 microhm-cm. by heating to 
1100°C. (20X0°F.) while the resistivity of electrolytic iron was 
increased from 10.949 to 11.484 microhm-cm. by similar treat- 
ment. Carburization of the iron by the illuminating gas in 
which it was heated is a possible explanation of the increase in 
resistivity. However, the resistance of the Kahlbaum iron was 
similarly affected by heating in nitrogen, the resistivity at 25°C. 
being increased from 10.527 microhm-cm. to 10.995 by heating 
to 1100°G. and cooling; a second heating increased the resistivity 
to 11.008 microhm-cm. On the other hand, Ribbeck (684) found 
no such increase for iron heated in nitrogen. Regardless of the 

* International Critical Tables, vol. 6, p. 136. 
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original purity of the iron the pick-up of impurities indicated 
by Saldau’s data precludes their acceptance as those of high- 
purity iron. 

The investigation of Honda and Simidu< 372) was undertaken 
primarily to determine the relation between thermal and electric 
conductivity, both being determined between 30 and 900°C. (85 
and 1650°F.) on the same specimen of a Swedish charcoal iron 
of unstated composition. The resistivity values below 400°C. 
(750°F.) were higher than those reported by any other investi- 
gator except Honda and Ogura, owing possibly to the fact that 
the thermal-conductivity measurements required a specimen of 
dimensions scarcely suitable for precise determinations of electric 
resistivity. 

In connection with an investigation of the resistivity of nickel 
steels, Ribbeck CC84) determined the resistivity of electrolytic iron 
up to 1000°C. The iron was stated to contain 0.07 per cent 
manganese, 0.014 per cent phosphorus, less than 0.01 per cent 
carbon, and only traces of silicon, copper, sulphur, and chromium. 
The resistivity at 20°C. was 10.1 microhm- cm., the fundamental 
coefficient was 0.0064 per degree centigrade. By extrapolation 
the value 8.9 microhm-cm. was obtained for the resistivity at 
0°C. Correction for impurities by the formula of Gumlich 
gave 9.62 microhm-cm. as the resistivity of pure iron at 20°C. 
Itib beck’s description of his technique does not indicate extreme 
precision; his temperature intervals were large, averaging 32° 
above 300°C.; an atmosphere of nitrogen which was used at 
high temperatures introduced a possibility of contamination of 
the specimen during the determination. Nevertheless his 
resistance-temperature curve coincides more nearly than does 
that of any other investigator with the Burgess and Kellberg 
curve which, in view of the precision of their work, is considered 
the most probable. The temperature-resistance curves diverge 
slightly above 800°C. (1470°F.), Ribbeck’s curve showing a 
slightly greater increase in resistance with increasing temperature 
than does the Burgess-Kellberg curve. At 950°C. (1740°F.) 
Ribbeck’s value for the resistivity of iron is 115.3 microhm-cm. 
as compared with the value 112.4, derived from the Burgess- 
Kellberg data. 

Determinations of the resistivity of Armco iron between 0 and 
800°C. (32 and 1470°F.) were reported recently by Powell. (1069) 
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His results, shown in Table 29, are in close agreement with the 
results obtained for electrolytic iron by other investigators. 

There are no data available on the resistivity of high-purity 
iron between 1100°O. (2010°F.) and the melting point. Values 
for the resistivity of molten iron were reported by Bornomaim 
and Wageninann. C2U0) These ■were obtained by extrapolating to 
zero carbon content the resistivities of carbon steels. The 
temperature coefficient between 1505°C. (2740°F.) (their value 
for the melting point of iron) and 165()°C. (30(H) 0 F„) was 0. 000366 
per degree centigrade, based on the equation 

•«£iKr>o — R\im> 

“ ~ RniuX 1650 - 1505) 

The data of Bornemann and Wagenmann were as follows: 


Temperature, 

°C. 

1505 

1550 

1000 

1050 


Resistivity, 

Mierohm-em. 

131 

133 

130 

138 


97. Temperature Coefficient of Resistivity at Elevated Tem- 
peratures.— Values for the temperature coefficient of resistivity 
of a number of irons are given in Table 30. In many cases these 
values were computed from the reported data for resistivity, 
according to the customary equation, 

R t ~ Re 
“ " !U(t - O 

The temperature intervals in all of the investigations except that 
of Burgess and Kellberg were too great to fix closely the point 
of maximum slope of the temperature-resistaiice curve. The 
Burgess and Kellberg curve shows it to he at 757°C. (1395°F.) 
for their iron. 

98. Summary of Resistivity at Elevated Temperatures.- Of 

the several investigations of the electric resistance versus tem- 
perature relation of iron, that of Burgess and Kellberg undoubt- 
edly yielded the most precise results. This precision does not 
hold for the derived values of resistivity which are necessarily 
based on the approximate value for the resistivity at 20°C. of 
the Burgess- Kellberg iron and on the assumption that the resis- 
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tivities of the Burgess and Keliberg iron and the Wenner and 
Lindberg iron were the same. Although the precision of Rib- 
beck's work is oj>en to question, the fact that his temperature- 
resistance curve conforms more closely to that of Burgess and 
Kellberg than do the others warrants acceptance of his data as 
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the most probable for the resistivity of iron above 10()°Cb, with 
the reservation that resistivity-temperature data obtained on 
purer iron tinder conditions more suitable for retention of purity 
may differ somewhat from those of Ribbeek. Buch resistivity 
data are not now available. A summary of the most probable 
values for the resistivity of iron at elevated temperatures is 
shown by the curve in Fig. 24. 

99. Early Work on the Effect of Impurities.— The addition of 
another element increases the electric resistance of iron even 
though the element added has a lower resistance than iron. The 
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relation between the amount of impurity and the resulting 
increase in resistance has been the subject of many investiga- 
tions, most of which have been concerned with the effect of 
foreign elements in amounts such as occur in carbon and alloy 
steels and not with the effects of the small amounts found in 
high-purity iron. In some of these investigations the results 
have been extrapolated to zero impurities to obtain values for 
resistivity of pure iron, consequently a review of the work on 
which these extrapolated values are based is included herewith, 
although an extended review of these investigations logically 
belongs in the monographs on the carbon and alloy steels. 

The first quantitative measurements of the effects of impurities 
on the resistivity of iron seem to be those of LeChatelier, (80) in 
1898, who observed that elements which form solid solutions 
exert a much greater effect than elements which are insoluble. 
Computed increases in resistivity for each per cent of impurity 
were: cementite, 7 microhm-cm.; silicon, 14 microhm-cm.; 
manganese, 5 microhm-cm. in magnetic steels and 35 microhm- 
cm. in non-magnetic steels. By extrapolation, the value 9.5 
microhm-cm. was obtained for the resistivity of pure iron, 
presumably at room temperature. Results of resistance meas- 
urements on a large number of steels by Barrett, Brown, and 
Hadfield aoo) indicated that the effect of the different elements 
was approximately proportional to the reciprocal of their atomic 
weights. Benedicks (107) expanded the idea, suggesting that 
equivalent quantities of foreign elements in iron caused equal 
increases in resistance and that the total increase in resistance 
caused by the impurities in any iron could be obtained from the 
total of these impurities expressed as equivalent quantities of 
one element whose effect per unit quantity was known. Meas- 
urements on a series of carbon steels indicated that the resistivity 
increased 26.8 microhm-cm. for one per cent increase in carbon 
content. By extrapolation Benedicks obtained the value 7.6 
microhm-cm. for the resistivity of pure iron at 16°C. (61°F.), 
and proposed the use of a simple formula whereby the resistivity 
of any alloy of iron could be computed from the sum of the 
“carbon equivalents” of the elements present. However, all 
later work seems to indicate that the impurity-resistivity relation- 
ship in iron is not so simple as Benedicks' formula would indicate. 
Portevin <199 ' 310) found that although the formula might be 
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accepted for small amounts of impurities, that is, for dilute solid 
solutions, it was not accurate for alloying elements in the amounts 
present in alloy steels. He also criticized Benedicks’ assump- 
tions regarding the form in which carbon was present in the 
steels with which Benedicks worked. 

100. Recent Work on the Effect of Impurities. Norbury (417) 

reviewed the work tip to 1920 on the effect of foreign elements 
on the resistivity of iron and selected the values which he con- 
sidered most probable. These are given in Table 31. From 
these data Norbury concluded that Benedicks’ formula could 
not bo considered correct. McCance, in discussion of Norbury’s 
paper, also criticized Benedicks* formula and stated that the 
effect of an element, on resistivity depends on the state of com- 
bination of the added element. In the* case of carbide-forming 
elements, such as vanadium, chromium, and tungsten, the 
effect of the dement would depend on the carbon content. 

Tabus 31." IOffwct of Koukkin Khkmknth on this Resistivity of Iron 1 * 


Increase in resistivity of iron, 
mierohm-em. 


Element 



er 1 weight per 
cent of added 
element 

Per 1 atomic 
cent of adde< 
element 

Carbon 

34.0 

7.3 

Nitrogen 

14.0 

3 . 0 

Aluminum. . . 

12.0 

5.8 

Silicon 

13.5 

0.9 

'Phosphorus. . 

II. 0 

0. I 

Vanadium .... 

5.0 

4 . (5 

Chromium . . . 

5.4 

5.0 

Manganese. . , 

5.0 

4.9 

Nickel. ...... 

1.5 

1.5 

Cobalt 

1,0 

1.0 

Copper 

4.0 

4.5 

Molybdenum . 

3.4 

5.8 

Tungsten. . , , 

1.5 

4.9 

Cold. ....... 

l.l 

3.9 


* Norbury. <* I7 > 

Of the numerous investigations on the effect of impurities 
on the electric resistivity that of Yensen CWMn in 1924 is out standing. 
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Other investigators used commercial steels containing impurities 
in amounts usual in such materials, but Yensen’s results were 
obtained on high-purity binary alloys prepared by additions 
of the alloying elements to electrolytic iron. Yensen also noted 
the effect on the resistivity of small additions of the alloying 
element as well as of the larger amounts contained in commercial 
steels. His results on resistivity are given in Table 32. 

Table 32. — Effect of Added Elements on the Resistivity of Ibon* 

Increase in Resis- 
tivity, Microhm- 
cm., per 1 Per 
a Cent of Added 


Element Impurity 

Carbon : 

Up to 0.02 per cent 82.5 

0.02 to 0.85 per cent. 4.5 

Phosphorus: 

Up to 0.015 per cent 60.0 

0.015 to 0.12 per cent 3.5 

Silicon: 

Up to 0.35 per cent 18.4 

0.35 to 6.0 per cent 11.1 

Sulphur 12.0 

Manganese 7.0 

* YexiHGii.C® 00 ) 


Calculating the resistivity of pure iron from his values for 
electrolytic iron by the formula 

. R 0 = R — 82.5C - 7.0Mn - 60P - 18.4Si - 12S 

where Ro is the resistivity of pure iron, R the resistivity of 
electrolytic iron, and C, Mn, etc., the percentage of each element 
present, Yensen obtained the value 9.6 microhm-cm. at 20°C. 

Application of Yensen’s formula to the value 9.78 microhm-cm. 
at 20°C., obtained by Wenner and Lindberg C834) on an electrolytic 
iron, said to contain 0.003 per cent carbon, 0.004 per cent phos- 
phorus, 0.004 per cent silicon, 0.006 per cent sulphur, and a 
trace of manganese, gives 9.18 microhm-cm. for the electric 
resistance of pure iron at 20°C., a much lower value than that 
obtained by Yensen. 

101. Summary of the Effect of Impurities. — Although values 
for the effect of impurities may be of some use in calculating 
approximate resistivities of commercial irons and steels, they 
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sire of dubious worth sis a means of obtaining valiums for pure iron. 
Those* values for the effect, of impurities are averages for the 
effect over a considerable range of impurity, and then* is no 
assurance that the effect is uniform over the range, in fact 
Yensen found that, a quantity of carbon under 0.02 per cent had 
18 times as much effort on the resistivity as did the sam<* quan- 
tify above 0.02 per cent. Similar results applied to phosphorus 
contents under and over 0.015 per rent. Furthermore, it is 
unsafe to assume that theefTeetsof several impurities are additive, 
that the effect of a specific impurity will not be influenced 
by the presence of other impurities. Reported values for the 
electric, resistance of pun* iron, obtained by (extrapolation of results 
from impure; materials, range from 7.0 to 10.12 microhm-cm., 
an indication of t he unreliability of the method. 

102. Influence of Mechanical and Thermal Treatment. — 
Investigations of the effect of mechanical and thermal treatment 
on the* resistivity of high-purity iron are few, the bulk of the 
work being on the less pun* forms of iron. As would be expected, 
the electric resistivity of iron increases with cold work but 
is restored to the original value by annealing at a suitable 
temperature. 

No relation between amount, of cold work and change in 
resistivity (or conductivity) is apparent in the results of Barden- 
heuer and Schmidt, <7,Uj given in Table 33, on cold-drawn elec- 
trolytic iron stated to contain 0.05 per cent of impurities. The 


Tawuo 53. Keener oe Horn Woiuc on tub Resistivity of Kmc onto lytic 

I HON * 


Reduction in wen, 
per cent, 

Conductivity, 
mho per sq. mm. 
pur m. 

Resist ivity, 
microhm-cm. 

0 

».:« 

10.72 

20 

0.35 

10.00 

30 

8. 04 

11.18 

50 

8.00 

11 . 12 

00 

0.25 

10.81 

75 

0.03 

11.07 

95 

0.23 

10.83 


* Bardmdnni«r and Schmidt. l ’ m > 
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annealing temperature giving the maximum restoration of 
conductivity was 500°C. (930°F.) regardless of the degree of 
cold work. Experiments with an ingot iron indicated that the 
conductivity of iron is independent of grain size. 

Tammann and Moritz c 103 1} obtained a maximum increase in 
resistivity of about 5.7 per cent by cold working to 0.2 per cent of 


the original area of cross sec- 
tion (99.8 per cent reduction). 
As indicated in Fig. 25, the 
annealing temperature for 
maximum recovery, about 
600°C. (1110°F.), was indepen- 
dent of the degree of cold 
work. The resistivity of iron 
wire, cold worked to 98.7 per 
cent reduction, was restored 
to its original value by anneal- 
ing at 520°C. (970°F.) for 

about 75 min. Annealing at 
lower temperatures caused the 
resistivity to decrease suddenly 
to values which remained 
almost constant but which did 
not decrease to the original 
value regardless of the length 
of anneal up to 2 hr., as shown 
in Fig. 26. The temperature 
coefficient was decreased by 
cold working and was restored 
by the same annealing con- 
ditions which restored the 
resistivity. 



100 200 300 400 500 600 

Temperature, deg. C. 

Fig. 25. — Effect of annealing on the 
electric resistance of cold-worked iron. 
Reduction in area of 97.8 per cent ob- 
tained by rolling; other reductions 
obtained by cold drawing. ( Tammann 
and Moritz A 10 * 1 )) 


The effect of pressure on the conductivity of iron was investi- 


gated by Beckman (325) and by Bridgman. C347) The former 
used a Swedish iron of low purity, judging by its fundamental 


coefficient of 0.0048. The value for the pressure coefficient 


(d = 1/R X dR/dP ) of this material was 27.4 X 10 -7 per atmos- 
phere between 425 and 2097 atmospheres at 0°C. Bridgman used 
a basic open-hearth iron with a fundamental coefficient of 0.0062 
and obtained values for the pressure coefficient at 0°C. of 
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24.9 X 10" 7 per atmosphere at asero pressure and 21.9 X 10~~ 7 
per atmosphere at 12,400 atmospheres. 

B. THERMAL ELECTROMOTIVE FORCE 

If iron is connected, in series with another metal M so that a 
dosed circuit is formed, and if the two junctions are at different 
temperatures, an electric current will flow through the circuit. 
If one junction is kepi, at 0°C. and the other at temperature t , 



Fto, 20. Relation txRwoon annoalin#? time and electric reHiwtaue.o of cold- 
drawn electroly tic. iron. Reduction in area 1)8.7 j>er cent. ( Tammann arid 
Moritz. < unl >) 

the value of the electromotive force for a limited range 

of temperature may lx; expressed by an equation of the form: 

b'J^M =» (it + 4" 1 

where a, b , and r an; numerical constants for a particular pair 
of metals. The thermal (;l<;(;tromotiv(; force is conveniently 
expressed in millivolts and is considered positive; if the current 
flows from iron to the other metal at the junction which is at ()°G. 

The thermoelectric power, at any temperature /, is the thermal 
electromotive force per degree of temperature difference between, 
the two junctions and may be expressed, for a limited range Of 
temperature, by an equation of the form 

= a + bt + ct* 
at . 
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where a, b, and c are the same numerical constants that were 
used in the equation for the thermal electromotive force. The 
thermoelectric power is a smaller numerical value than the 
thermal electromotive force and is conveniently expressed in 
microvolts per degree. 

The purity and previous history of the sample affect the results 
obtained in the determination of many of the properties of iron, 



Fig. 27. — Thermal electromotive force of iron versus aluminum. 

( Danneck&rS 277 >) 

but in measurements of thermoelectric properties there are the 
additional factors of the purity and previous history of the second 
metal which, with iron, constitutes the thermocouple. 

Many of the data found in the literature and presented in this 
section were obtained with metals of doubtful purity and, 
although presumably accurate for the particular specimens used, 
they would probably not be duplicated by measurements on 
high-purity metals. 

The curves and data in this section, unless otherwise stated, 
are for thermocouples with the cold junction maintained at 0°C. 
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103. The Iron-aluminum Thermocouple. Dannecker C877) de- 
termined the thermal electromotive force of the iron-aluminum 
couple. I Its data, reproduced in Fig. 27, indicated a neutral 
point at. about 40()°C. (750°F.), 

104. The Iron-constantan Thermocouple. The thermal elec- 
tromotive force of iron against constantan * in the temperature 
range —183 to +1(K)°C. ( — 295 to ~f~210°F.) could be expressed, 
acco rding to Molby, (ai7> by the equation: 

- 52,677 1 + 0.0288/* - 0.0000 1 3222/, a 

Onnes and Orom*nelin (l4,i> stated that a live-term equation was 
necessary to represent the electromotive lores* of the thermoele- 
ment stecl-constantan between 0 and — 217°C'. (32 and 360°F.) 
and that a sixth ierm was necessary to include liquid-hydrogen 
temperature. Onnes and ( -lay 4 tHSA) found the iron-constantan 
thermocouple unsatisfactory for very low temperatures because 
of the slight increase in e.m.f. with decrease in temperature. 
Their results were: 

-217.42 — 252 . 93 -251). 24 

5.83 7.13 7.15 

Values for the thermal electromotive foree of iron-constantan 
at elevated temperatures have been given by a number of investi- 
gators including Buusemvein, <tlH> Hoffmann and Schulte/ 414 * 
Schwa rtz,‘ : ' u,n and Dannecker/ 877 * Specimens of constantan 
from different sources vary considerably in composition and in 


Temperature, °C. 
K.m.f., millivolts. 


* Constantan is the general name of a type of alloys which consist essen- 
tially of copper and nickel with manganese, carl ton, iron, and perhaps other 
elements present as minor constituents. Other names such as Advance, 
Oopel, Copnic, and Meal have been applied to alloys of this type hut, in the 
United States, the term amxtanlan is generally used at present. 

Internal ional Critical Tables**™ > gives the following range of composition 
for constantan alloys: 

Element Perce n t age 

Copper 50 to 45 

Nickel 40 to 55 

Manganese , . 0 to 1.4 

Carbon 0.1 

Iron Present. 
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Fig. 28. — Thermal electromotive force of iron versus constantan. ( International 

Critical Tables. < 670ji 0 


Table 34. — Thermal Electromotive Force of the Iron’-constantan’ 

Thermocouple* 


Temperature 

E.m.f., 

Temperature 

E.m.f., 

°C. 

°F. 

millivolts 

°C. 

°F. 

millivolts 

0 

32 

0 

546 

1015 

30 

95 

203 

5 

632 

1170 

35 

186 

367 

10 

713 

1315 

40 

277 

530 

15 

792 

1458 

45 

367 

693 

20 

871 

1600 

50 

457 

855 

25 

950 

1742 

55 


* International Critical Tables. 
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thermoelectric power; therefore, the values for iron against 
eonstantan given by different investigators vary eonsiderably. 
The values in Table 34 and Fig. 28 from the International < Vi final 
Tables <G7,M) illustrate results whieh have been obtained for this 
type of couple. 

The combination of iron with constantan is the only thermo- 
couple, with iron as one clement, whieh has found appreciable 
use. The relatively large potential developed by this couple 
makes if a useful instrument for temperatures below 950 or 
K)00°(X (1740 or 1830°I<\). 

105. The Iron-copper Thermocouple. Harrison* 110 ' reported 
the following values for the thermal electromotive force of the 
iron-copper couple: 

Temperature, **C -191.2 411.2 99.9 J 1K2.5 445.5 

IS.m.f., millivolts - 2.19 4 ~ 0.1 f ().87 | \ l .till 4-0.08 

Harrison found that his results could he approximately 
expressed by the equation: 

(microvolts) = 11.228/ + 0.02 1924/, 2 

The data of Bausemvein (UM) for iron-copper, based on 20°C. 
(68°F,) for the cold junction instead of (F(X as is customary, 
are given in Table 35. 

Tabus 85. Tiikumal Kssctuomotivw Fours os ths IuoK-rocrsu 

TnsHMorouuLS, Gom> Junction at 20 'CX* 



* BauHonwoin. 1 
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The transformation temperatures shown on Broniewski ; s C272) 
curve for the thermal electromotive force of iron-copper indicated 
that his temperature measurements were erroneous. Values 
reported by Ormes and Holst (309J for the thermal electromotive 
force of iron against copper at low temperatures (reference 
junction at +16°C.) were: 


Tern poratu re',, °C 

-192.2 

-253.2 

-268.9 

-270.0 


E.m.f., millivolts 

- 1.29 

- 1.32 

- 1.31 

- 1.31 



The data of Danneeker <277) for the iron-copper thermocouple 
(Fig. 29) place the neutral point at 247°C (475°F.) and the 
inversion point at 527.5°C. (981. 5°F.). 



Temperature, deg. C. 

Fig. 29 . — 1 Thermal electromotive force of iron versus copper. ( DanneckerS 277) ) 

106. The Iron-lead Thermocouple. — The thermal electromo- 
tive force of iron against lead at low temperatures was determined 
by Dewar and Fleming <66) for annealed transformer iron and by 
Wietzel (320) for Heraeus electrolytic iron, according to the data 
in Fig. 30. Dewar and Fleming also reported the value 14.5 milli- 
volts as the thermal electromotive force of iron-lead at 100°C. 
Bridgman (364J studied the iron-lead couple at temperatures 
between 0 and 100°C. and computed values for the constants 
a, b , and c, in the general equation, for this range of temperature. 
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Bridgman 7 # determination of 14.4 millivolts for the thermal 
electromotive force of iron-lead at 100°C. is in excellent agreement 
with the similar determination of Dewar and Fleming. 



lempira tun*; , G. 


Fkj. 'Ml Thoniml ol^ctromotivc' force of iron vermin lentt. 

107. The Iron-nickel and Iron-platinum Thermocouples. • 

Harrison 0101 gave tin* following values for the thermal electro- 
motive foree of iron-nickel: 

Temperat ure, “C! —101 . 2 | f 100 200 500 

K.m.f., millivolts. . - B. 11 | h 3.13 «. 10 11.81 

The more complete data of Danneeker* 2771 are reproduced in 
Fig. SI , 

In view of the probable impurity of metals and deficiency of 
pyromotry in the early work on the iron-phdinum thermocouple, 
the results of the early investigations can he omitted from con- 
sideration in favor of the two outstanding investigations on the 
subject, those of Burgess and Scott/* 410 whose valuta have been 
selected for the International Critical Tables, and of Goetz/ 690 
whose values are reported in the Landolt-Bbrnstein Tables. The 
values obtained in these investigations for the thermoelectric 
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power dE/dt of iron against platinum are shown in Fig. 32. The 
two curves at temperatures of about 900°C, (1650°F.) illustrate 



Fig. 31. — Thermal electromotive force of iron versus nickel. ( Dannecker .c 277 )) 



Fig. 32 . — Thermoelectric power of iron versus platinum. 

the observation of Burgess and Scott that higher values were 
obtained on heating in the A 3 range than were obtained on cooling 
through the same temperature range. 
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108. The Iron-tin Thermocouple. The thermoelectric power 
<IE /dt of the iron-tin couple was determined hy (Vrumk and 
Schmidt. (2:m Their results are given in Table 30. 

Tahijo 30 . Tukumlokukcthic Powkh of thh Ikon-tin 1 TnwuMoenmum* 


Temperature 

Thermoelectric 

1 Temperature 

Thermoelectric 

- ~ 


power, micro- 



power, micro- 

°C. 

°K. 

volts per 

*'C. 

°F, 

volts per "O. 

147 

207 

11.5 

247 

477 

4. 1 

157 

315 

10. 1 

257 

495 

3 . 0 

107 

338 

9 . 3 

207 

513 

8.5 

177 

35 1 

8.9 

277 

58 1 

2.7 

187 

300 

8.4 

287 

549 

1.9 

107 

387 

8.2 

297 

507 

I . 0 

207 

405 

8.2 

307 

585 

I . 1 

217 

423 

0 . 9 

317 

003 

0.0 

227 

441 

0 , 0 

827 

021 

0.2 

237 

459 

4.4 





* ( 'ormak mx<l X«fUim<li 3 *m 


The values of Smits and Spuyman M4< * h for the thermal eleetro- 
motives force of tins iron-tin couple are given in Fig, 33. They 



Fio. 33. Thermal electromotive ferns of iron verao* tin. {Smiis f and 
jS I puymanJ***') 

ascribed tins change in slope of the curve at 200 o C. (390° F.) to the 
transition of tin from the tetragonal to the rhombic form. 

109. Influence of Impurities and Previous History. The 
information available on the effect of impurities on the thermo- 
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electric properties of iron is rather meager. Broniewski (272) gave 
the following equations as representing the thermoelectric power 
of a series of iron-carbon alloy couples with copper, between 0 
and 700°C. (32 and 1290°F.) : 


Material Thermoelectric Power dE/dt 

Electrolytic iron 13.7 — 7.8t X 10 -2 + 6.62 2 X 10 -5 

Iron (0.07 per cent C) 18.1 - 9.86* X 1CT 2 + 9.0£ 2 X 10" 5 

Steel (0.24 per cent C) 16.6 — 9.06£ X 10" 2 + 8.H 2 X 10“ 5 

Steel (0.44 per cent C) 14.8 - 8.124 X 10“ 2 + 7.2 j! 2 X 10" 6 

Steel (0.79 per cent C) 13.4 - 7.98 1 X 10“ 2 + 6.9 Z 2 X 10“ 5 

Steel (1.12 per cent C) 12.2 - 7.2 1 X 1CT 2 + 6.3Z 2 X 10“ 5 


Dupuy and Portevin (328) found that the thermal electromotive 
force of iron, against lead, was decreased 5.6 microvolts per degree 
between —80 and 0°C. ( — 110 and 32°F.) and 4.6 microvolts per 
degree between 0 and 100°C. for each per cent of carbon present, 
the data being obtained on a series of carbon steels. The effects 
of nickel, chromium, molybdenum, manganese, aluminum, 
silicon, and tungsten in alloy steels also were studied. Camp- 
bell (350) determined the thermal electromotive force at 100°C., 
with the cold junction at 0°C., of couples composed of heat- 
treated steel and annealed open-hearth iron. His results, given 
in Table 37, indicate the effect of carbon as well as of heat treat- 
ment. Campbell found that mechanical working affected the 


Table 37. — Influence of Heat Treatment on Thermal Electromotive 
Force of Carbon Steels against Open-hearth Iron, at 100°C. (212°F.)* 



| Thermal electromotive force, microvolts 

Carbon, 
per cent 

Quenched 
from 905 to 

Annealed at 











908°C. (1661 
to 1666°F.) 

100°C. 

205°C. 

309°C. 

388°C. 

495°C. 

599°C. 

696°C. 

800 6 C. 


(212°F.) 

(401 °F.) 

(588°F.) 

(730°F.) 

(923°F.) 

(1110°F.) 

(1285°F.) 

(1472°F.) 

0.04 

74 

36 

34 

29 

34 

29 

29 

26 

29 

0.30 

310 

278 

230 

170 

136 

102 

94 

83 

100 

0.35 

575 

537 

499 

452 

437 

419 

414 

400 

413 

0.41 

615 

578 

529 

474 

444 

434 

429 

414 

420 

0.57. 

707 

627 

537 

474 

444 

419 

414 

394 

417 

0.76 

950 

718 

577 

474 

439 

410 

404 

350 

393 

0.945 

1170 

795 

608 

458 

410 

392 

376 

364 

378 

1.05 

1308 

916 

713 

556 

516 

509 

497 

467 

| 473 

. 


Campbell. < 350 > 
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thermal electromotive force of iron only slightly, results at 0 and 
100°C. differing by only 10 microvolts for a thermocouple com- 
posed of annealed basic open-hearth iron and the same material 
cold-worked sufficiently to increase the Brinoll hardness from 
76 to 240. Limited data accumulated at the National Bureau 
of Standards indicate that cold working may change the thermal 
e.m.f. considerably more than 10 microvolts, the change in 
isolated instances being about ten times that noted by Campbell. 
In a recent paper by Tammann and B;ln<lel l,W!,,,, it was reported 
that 98 per cent reduction by cold drawing decreased the thermo- 
electric power of electrolytic iron by 0.43 microvolt pen* °C. The 
thermoelectric power of this strained iron was affected by anneal- 
ing at temperatures as low as 70°C. (16()°F.) and was restored to 
its original value by annealing at 320°C. (6l()°F.). Tammann 
and Bandel also found that torsion (twisting the wire 6 revolu- 
tions for each centimeter of length) decreased the thermoelectric 
power of electrolytic iron. The change; which resulted from this 
amount of torsion was about one- third as great as the change 
produced by 98 per cent reduction in cold drawing. 

The influence of pressure and of tension on the thermoelectric 
power of iron was investigated by Bridgman. caR4) The variations 
of the electromotive force with pressure were complicated, there 
being maxima and minima with both pressure and temperature 
within the range 0 to 10()°O. The effects of tension at two tem- 
peratures were expressed by the formulas: 

At 52°C., e.m.f. » (0.01207’ - 0.042357’*) X 10”* volt 

At 95 °CX, e.m.f. » (0.02237’ - 0,04427’*) X 10“' 15 volt 

where T is the tension in kilograms per square centimeter 
acting on one component of the thermocouple, the other being 
unstressed. 


C. PELTIER EFFECT 

If a current is passed through a junction of iron and another 
metal M in the same direction that a current would pass if the 
junction were heated, heat is absorbed and the junction is 
thereby cooled. The phenomenon is reversible; if the current 
is passed through the junction in the opposite direction, an equal 
amount of heat is evolved and the junction is thereby heated. 
The amount of heat absorbed per ampere of current is the 
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Peltier coefficient of iron against the metal M. This coefficient 
theoretically can be computed from the thermoelectric power by 
means of the equation 


Fo Pm = T 


dE 

dt 


where j?JP M is the Peltier coefficient; T is the absolute tempera- 
ture; and dE/dt is the thermoelectric power. 

The Peltier effect of iron against platinum, according to Burgess 
and Scott <348) and as calculated from the data of Goetz, (561) is 
given in Table 38. Burgess and Scott used small enough tem- 


Table 38. — Peltier Effect of Iron against Platinum 


Temper- 

ature, 

°C. 

Peltier coefficient, 
microvolts 

Tem- 

per- 

ature, 

°C. 

Peltier coefficient, 
microvolts 

Burgess 

and 

Scott (348) 

Goetz (661) 

Burgess and 
Scott C34S) 

! 

Goetz< B61 > 

0 

5,320 


880 

22,350 


100 

6,750 


900 

23,100* 20, 510 t 

22,870 

200 

7,280 


910 

22,940 12,770 

12,420 

300 

6,700 


920 

19,800 13,000 

1 

400 

6,390 


930 

13,710 13,350 


500 

7,030 


950 


13,450 

600 

9*430 


1000 

16,040$ 

15*910 

650 


11,080 

1100 

....... 

20,600 

700 

13,910 

14,110 

1200 



26,520 

750 


17,390 

1300 


30,670 

780 

18,980 

1400 


38 , 480 

800 

19,740 

19,850 

1405 


43,630 

850 


21,340 

1450 


46,920 


* Heating, 
f Coolings 
J Corrected. 


perature intervals, in the vicinity of the A 3 transformation, to 
show that hysteresis occurs in the thermoelectric properties in 
that temperature range. Cermak (154) reported that the Peltier 
coefficient in iron-constantan increased with increasing tempera- 
ture, from 3.1 X 10 -3 cal. per coulomb at 0°C. to 12.5 X 10 “ 3 at 
560°C. 
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The values for the Peltier coefficient of iron against other 
metals as reported in International Critical Tables* 834 * are 
reproduced in Table 39. 

Table 39. — Peltier Coefficient of Iron* 


Metals 

Temper- 
ature, °C. 

Peltier coeffi- 
cient, 
microvolts 

Investigator 

Iron-copper. . 

0 

+3080 

Jahn U2) 

Iron-copper. . , 

H> 

+2893 

< Jottstein (30a) 

Iron-copper . . , 

20 

+2995 

BoreliuH t:, #*'» 

Iron-copper . . . 

25 

+2930 

be Roux (U, > 

Iron -mercury . 

18. 5 

+*1880 

Oo«terhuiH< 4 «»» 

Iron-nickel. . . 

15 

+9000 

Be«k«“«> 


* International Critical Tables. 

The influence of pressure on the Peltier effect at temperatures 
between 0 and 100°C. was investigated by Bridgman. <304 > The 
Peltier coefficient for iron against lead was negative at 0°C. with 
all pressures; with increasing temperature it became positive, 
increased to a positive maximum and then decreased. According 
to Bridgman, the Peltier coefficient for iron against lead can be 
expressed in the temperature range 0 to 100°Ch by the equation : 

F ,P Ph = (16.18 - 0.0178* - 0.000258* 2 ) (* + 273) (10 «) volt 

D. THOMSON EFFECT 

If an electric current is passed through a specimen of iron in 
which a temperature gradient exists, heat is absorbed if the 
current flows from the regions, of higher temperature to those of 
lower temperature. Conversely, heat is evolved if the electric 
current flows in the opposite direction, i.e., from regions of low 
temperature to those of higher temperature. This evolution or 
absorption of heat is known as the Thomson effect. It has boon 
expressed in various units by different investigators and there 
has been disagreement as to the algebraic? sign of the coefficient. 
The compilers of the International Critical Tables 0 * 34 * converted 
the various units in which different investigators reported their 
results to microvolts per degree centigrade and adopted the con- 
vention that the sign of the coefficient is positive when absorption 
of heat accompanies the passage of current in the direction from 
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higher to lower temperatures. This reference (S34) also gives an 
equation for expressing the Thomson coefficient d in microvolts 
per degree centigrade as follows: 

8 = a + pt X 10~ 2 + yt 2 X 10“ 5 


where t is the temperature at which the determination is made, 
and a 7 (Bj and y are constants for the particular metal and for a 
limited range of temperature. The values reported (834) for these 
constants and the temperature ranges within which these values 
apply, together with values reported by Bridgman, (364) are 
reproduced in Table 40. 

Table 4.0. — Constants foe the Computation of the Thomson 
Coefficient for Iron 


Temperature 
range, °C. 


Investigator 


-51 to +115 
+32 to +182 
+53 to +308 
at 48° 

+49 to +148 
+91 to +441 
0 to 100 


+ 4.00 + 8.4 

+ 7.66 + 4.1 +17 

+ 2.97 + 1.85 

+ 11.3 

-16.4 +20.8 

+ 7.785 + 8.61 -21. 

+ 4.86 +15.87 5. 


Berg (207) 

Hall et al+ 44 > 

Battelli {35 > 

Koenigsberger and 

Aalderink (2Q3;> 

Lecher (145) 

Bridginan (3C4) 


Weiss (246> 


The effect of pressure on the Thomson effect as reported by 
Bridgman (364) is complicated; at higher pressures, there are two 
reversals between 0 and 100°C. Young (091) determined the 
Thomson effect in basic open-hearth ingot iron and in three 
carbon steels. The values obtained depended on whether the 
electric current flowed with or against the temperature gradient, 
owing, he concluded, to asymmetry. The effect of increasing 
carbon content was to decrease the value of the Thomson 
coefficient. 


E. AUTHORS’ SUMMARY 

The resistivity of iron is affected by the presence of impurities, 
and is particularly affected by the presence of the first traces 
of some of the common impurities. It has been shown that the 
effect is very pronounced for carbon contents of less than 0.02 per 
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cent or for phosphorus contents of less than 0.015 per cent. The 
resistivity also is affected by the physical condition of the material 
and perhaps by other factors. However, oven with due allowance 
for these variables, available data for the different determinations 
of the resistivity of high-purity iron are not in good agreement. 

Available data for the resistivity at temperatures between 
— 273 and +1100°O. ( — 460 and -}-2l) l()°F. ) are shown in Figs. 23 
and 24 (pp. 175 and 188) with the selected values indicated by 
solid lines. There are practically no data for the resistivity of 
high-purity iron at any temperature above 1 1 00°( h 1 1 is suggested 
that 9.8 miorohm-cm., for the resistivity at 20°(J., and 0.0005, 
for the fundamental coefficient (the temperature coefficient of 
resistance for the range from 0 to l()()°(b), be accepted as the 
best present approximations for these properties of high-purity 
iron. 

The thermoelectric power of iron against platinum (the 
standard reference material in thermoelectric measurements) 
was determined by Burgess and Scott (84H, for the temperature 
range from 0 to 1000 o C. (32 to 1830° l<\) and by Goetz*™ 1 ’ for the 
range from 050 to 1450°C. (1200 to 2040°F.). Within the range 
from 050 to 1000°C. the two sets of data are in excellent agree- 
ment. Determinations of thermal e.m.f. against a reference 
metal such as pure platinum may be of value in comparing the 
purity of different samples of high-purity iron but further data arc 
needed for the quantitative interpretation of such measurements. 

The data for iron versus platinum are the only thermoelectric 
data which can be accepted as relatively accurate for high-purity 
metals. The thermoelectric properties are appreciably affected 
by the purity and physical condition of both of the metals of the 
thermocouples. Figures 27 to 33 (pp. 195 to 202) show the effect 
of temperature on the properties of thermocouples of iron with 
another metal, but the data in general can be accepted as applic- 
able in a quantitative manner only to the particular thermocouple 
that was used, not to the properties of pure metals nor to the 
properties of other thermocouples of the same combinations of 
metals. 

The thermocouple which consists of iron and eons tan tan is the 
only thermocouple of iron which has found appreciable use. 
Constantan is the name of a type of alloy rather than of a certain 
rigidly defined composition; consequently there are several eon- 
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stantans each with its own e.m.f. against iron. The relatively 
large potentials developed by this combination and the approxi- 
mately constant slope of the curve between 0 and 1000°C. make 
it useful within this temperature range. 

Other thermoelectric effects, such as the Peltier and Thomson 
effects, are matters of scientific or theoretical interest. 



CHAPTER VII 


MAGNETIC PROPERTIES 

Magnetic Characteristics at Room Temperature Effect of Tempera- 
ture-- Effect of Impurities— -Effect of Grain Size. - Effect of Cold Work 

and Heat Treatment— -Mechano magnetic Effects Galvano magnetic and 
T her mom agnatic Effects- Magnetic Properties of Singh Crystals of 
Iron— A ulhors ’ Si vmmary 

The magnetism of iron is of considerable economic importance 
for it is largely by the magnetization of iron that the commercial 
conversion of mechanical to electric power, or of electric to 
mechanical power, is effected. On account of the importance of 
ferromagnetism its literature is voluminous, but the bulk of this 
literature is concerned more with the theory and mechanism of 
magnetism than with the magnetic properties of iron. Only 
that portion concerned with the latter will be considered here, as 
discussion of the theoretical aspects of ferromagnetism is beyond 
the scope of this monograph. 

The magnetic properties of iron are so drastically affected by 
the presence of impurities, by the size and shape of the specimens, 
and by the previous mechanical and thermal treatment, that 
the magnetic data obtained on a specimen of iron represent the 
characteristics solely of that particular specimen and will be 
duplicated in other specimens only by coincidence. They do, 
however, indicate the approximate characteristics to be expected 
of iron of similar composition and history, but to be of real worth 
the composition and history of the iron must be completely 
specified. Unfortunately, satisfactory descriptions of the mate- 
rials used in magnetic investigations have been the exception 
rather than the rule. Specimens have been classed as “ annealed” 
without describing the annealing process or as “unannealed” 
without specifying the previous mechanical treatment. Analyses 
have rarely been reported, in many cases even the commercial 
designation of the irons has not been recorded as a clue to their 
composition. This situation necessitated disregarding limita- 

210 



MAGNETIC PROPERTIES 


211 


tions on impurities in the selection of data on some of the mag- 
netic effects. Such data are more of qualitative than quantita- 
tive worth; they indicate the direction but not necessarily the 
extent of the effects to be expected in iron of high purity. 

110. Magnetic Terms and Definitions. — The magnetic prop- 
erties of the ferromagnetic materials are commonly expressed 
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Fig. 34. — Magnetization curves for high-purity iron and Armeo iron. 
( Yensen . < 98S) >) 


in terms of corresponding values of the magnetic induction B 
and the magnetizing force or field strength H. In some cases 
quantities derived from B are used instead of B , for example the 
intrinsic induction B — H or the intensity of magnetization /. 
Magnetic properties are conveniently expressed in the form of 
graphs obtained by plotting B, or some of the quantities derived 
from B 7 against H . The resulting curves are of two types, the 
curve of normal induction of which Fig. 34 is an illustration, and 
the hysteresis loop similar to Fig. 35. 
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Values for permeability (g), susceptibility (A”), and saturation 
intensity or intensity of magnetization at saturation (I M ) can 
be derived from data for the normal induction curve, and values 
for hysteresis loss ( W) } residual induction (/A), and coercive, 
force (lie) can be derived from data for the hysteresis loop. 



Fin. ;*5. Hysteresis loops of annealed and of hydrogen issotl Armen iron. 

(CioJ) £.<««<>) 


Some of the principal terms, symbols, and in some eases the 
units used in describing magnetic properties are as follows: 


Magnetics induction = B (gausses) 

Residual .induction = B r (gausses) 

Magnetizing force or field strength — II (oersteds) 
Coercive force =» lie (oersteds) 

Intrinsic induction = B — • II 


Intensity of magnetization 
Permeability *= jj. 


B-JJ 

4tt 


Susceptibility* » K *■ jj 
Saturation intensity « 

Hysteresis loss — W (ergs per eu. cm. per cycle) 


The residual induction B r is the induction remaining, when the 
field is reduced to zero from J/ max , the maximum field strength 


* Susceptibilities of appreciable magnitude are usually expressed in terms 
of the volume susceptibility according to the above equation. However, 
in cases of weakly magnetic materials, such as paramagnetic iron, the sus- 
ceptibility is sometimes expressed ns mass susceptibility. The two terms 
differ by a factor equal to the density of iron. Unless otherwise stated, 
susceptibility is used in this monograph to mean volume susceptibility. 
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used in that experiment. The coercive force H c is the value of 
the reverse magnetizing force necessary to reduce the induction 
to zero. The hysteresis loss W is proportional to the area of the 
hysteresis loop and represents the energy lost in carrying a cubic 
centimeter of the material through a complete magnetic cycle. 
The hysteresis loss is a function of the induction and can be 
expressed approximately by Steinmetz 7 formula which for iron is 

W = V B 1 * 6 

Values of the Steinmetz coefficient rj are frequently mentioned in 
describing the magnetic properties of materials. 

A. MAGNETIC CHARACTERISTICS AT ROOM TEMPERATURE 

Probably the earliest investigation of the magnetic properties 
of annealed electrolytic iron was that of Gumlich (194 ' 195) in 1909. 
The materials previously investigated were either electrolytic 
iron as deposited or commercial iron. The magnetic properties 
of the former were reported by Beetz (12) as early as 1860, by 
Holz< 28) in 1874, and by others in the succeeding years. The 
properties of unannealed electrolytic iron differ greatly from 
those of annealed material. The differences are due, at least 
in part, to occluded hydrogen or to the distortion of the iron 
lattice which results from the occlusion of hydrogen. They will 
be considered in the discussion of the effect of hydrogen on the 
magnetic properties of iron. 

The importance of the work of Rowland (27) in 1873 lies largely 
in the fact that he pioneered both in the use of absolute units in 
reporting his results and in developing the permeability-magneti- 
zation curves. For a specimen of Norway iron, one of the several 
materials investigated, he obtained a permeability of 5515, an 
unusually high value for that time. 

The developments in the next three decades were in the line 
of improvement in the technique of magnetic measurements 
rather than in the quality of material. sample of “unusually 
pure 77 commercial iron, stated to contain 0.013 per cent sulphur, 
0.1 per cent manganese, and traces of carbon and silicon as 
impurities, had a permeability of 3344 for B — 7060 as reported 
by Lydall and Pocklington (56) in 1892. Wilson (84) in 1898 investi- 
gated the magnetic properties of the same iron after a careful 
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annealing and obtained a .maximum permeability of 5490 and a 
hysteresis loss of 2450 ergs per eu. cm. per cycle at a B nmK of 
9000. At the same B m ax . Ewing (<iH) obtained a perm eability of 
4090 and a hysteresis loss of 2310 ergs per eu. cm. per cycle on a 
Swedish transformer iron. 

111. Investigation of Magnetic Properties, 1900 1910. - The 

classic work of Barrett, Brown, and Hadfield cl(,U) on the eleetrio 
and magnetic properties of iron and iron alloys resulted in the 
development and commercial use of silicon transformer steel. 
Their purest m aterial, a Swedish charcoal iron, previously referred 
to in the discussion of electric*, resistivity, had a maximum perme- 
ability of 3700; for B tttax . = 17,700 the coercive force*, was 1.10 
oersteds, the residual induction 10,800 gausses, the hysteresis 
loss 8754 ergs per cu. era. per cycle. This material was inferior 
magnetically to some iron-silicon and iron-aluminum alloys. 

The properties of a number of commercial irons and steels 
were investigated by Gumlieh and Schmidt 4102 * in 1901. Their 
best material, sheet iron, had a residual induction of 10,300 
gausses, a coercive force of 0.60 oersted, and hysteresis loss of 
4900 ergs per cu. cm. per cycle at — 18,190. The maximum 
permeability was 8350. 

The magnetic properties of the reduced iron prepared by 
Kreuslor from ferrous oxalate were reported by Gumlieh 4 1773 in 
1908 to bo much inferior to those of an annealed dynamo steel, 
as follows: 


Property 


Krcuslcr 

reduced 

iron 


Annealed 

dynamo 

steel 


Maximum permeability 

Coercive force, for II max. = 138, oersteds 

Residual induction for J7 m »x. » 138, gausses... 
Hysteresis loss, for //««,*. « 138, ergs per cu. 
cm. per cycle 


2,260 
2 . 58 
12,250 


14 , 200 

0.37 
1 i ,050 


20,100 


3 , 760 


The following year Gumlieh 4 W4 - IDn) reported magnetic charac- 
teristics of an electrolytic iron which contained a total of 0.045 per 
cent of reported impurities (0.024 per cent carbon, 0.004 per 
cent silicon, 0.008 per cent manganese, 0.008 per cent phosphorus, 
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and 0.001 per cent sulphur). The values reported for this 
material for — 6500 were: 


Property 

Unannealed 

Annealed 

24 hr. at 
800°C. 
(1470°F.) 

Coercive force, oersteds 

2.82 

0.375 

Residual induction, gausses 

11,440 

10,850 

Maximum permeability 

1,850 

14,600 

Steinmetz coefficient v 

0 . 00308 

0.00078 

Saturation value (4 tt/) 

21,620 

21,630 


Saturation intensity of magnetization I K = 1719. 

The intensity of magnetization at saturation for Swedish 
iron was reported by Weiss (171) in 1907 as 1731. In 1910 Weiss C227) 
determined the same property on Swedish iron and also on 
Merck's electrolytic iron and Kreusler's reduced iron. The best 
value, 1706, was obtained on the Swedish iron. 

112 . Investigations of Magnetic Properties, 1910 - 1920 . — The 
magnetic properties of the electrolytic iron produced by Burgess 
and Aston C208) were investigated in 1910. The iron was melted 
in a carbon resistance furnace and the ingots forged into rods. 
There was a pickup of impurities, particularly carbon, in the 
process; the carbon content of different rods varied from 0.012 to 
0.120 per cent. Hence considerable variation was found in 
magnetic properties, which were somewhat inferior to those of 
sheet steel used for electric purposes. Terry (226) obtained a 
maximum permeability of 11,000 for Burgess and Aston elec- 
trolytic iron annealed at 1100°C. (2010°F.), the iron being 
incased in electrolytic-iron powder during the annealing to 
prevent oxidation. The hysteresis loss of this iron was 4900 ergs 
per cu. cm. per cycle, the residual induction 12,800 gausses, and 
the coercive force 0.53 oersted for ii7 max . — 80 oersted. In 
1913 Breslauer C270) reported the maximum permeability of 
annealed Fischer electrolytic iron as 11,500, the hysteresis loss 
as 1440 ergs per cu. cm. per cycle. The induction value used 
was not stated. 

The first of the many contributions of Yensen (321) to the knowl- 
edge of the magnetic properties of iron appeared in 1914. By 




Vacuum melted !20.900 9.000 20.200 865 ! 9.300 0.30 i 1.760 « 13,600 i 0.34 
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melting electrolytic iron in vacuum, material was produced with 
maximum permeability as high as 19,000, hysteresis loss 813 ergs 
per cu. cm. per cycle for 7? max . — 10,000, and 1640 ergs per cu. 
cm. per cycle for jB max . = 15,000. The coercive force was 0.29 
oersted and the residual induction 12,100 gausses, both for 
5 max . = 15,000. In 1915 Yensen C341) reported values for 
electrolytic iron as follows: Maximum permeability 25,800, 
induction for /z max . 9000 gausses; for J3 max , = 10,000, perme- 
ability was 25,600, hysteresis loss 707 ergs per cu. cm. per cycle, 
residual induction 9300 gausses, and coercive force 0.23 oersted. 
The following year Yensen (36o:> reported the magnetic properties 
of basic open-hearth ingot iron before and after melting in 
vacuum. Some of Yensen's data on this material are given in 
Table 41. 

A saturation intensity of magnetization of 1798 and a coercive 
force of 0.36 oersted were reported by Williams (340) in 1915 for 
vacuum-melted electrolytic iron. Gumlich^ 3875 in 1918 reported 
21,620 for the saturation value (4^/^) of Fischer electrolytic iron 
and 21,328 for Swedish charcoal iron. Gumlich C387) also gave 
the following values for unannealed and annealed electro- 
lytic iron: 



For i7 m ax 

= 130 

Treatment 

Coercive 

force, 

oersteds 

Residual 

induction, 

gausses 

Unannealed 

Vacuum annealed for 24 hr. at 800°C. 

2.83 

11,450 

(1470°F.), cooled slowly 

Five heatings at 920°C. (1690°F.), with 

0.375 

10,850 

rapid cooling 

Thirteen heatings at 830°C. (1525°F.), 

0.225 

5,000 

with rapid cooling 

0.155 

850 


Maximum 

permeabil- 

ity 


1,850 

14,400 

11,600 

4,800 


113. Recent Investigations of Magnetic Properties. — Further 
data on the magnetic characteristics of electrolytic iron' after 
annealing at temperatures between 770 and 1100°C. (1420 and 
2010°F.) were given by Gumlieh (434) in 1921. The best values 
obtained, not all on the same specimen, were: coercive force 
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0.115 oersted, residual induction 1640 gausses (both for H = 
150), saturation induction 21,490, initial permeability 410. 
Fukuda (BB8) found that vacuum-molted electrolytic iron, when 
rolled into sheets, did not show the high permeability of the iron 
in the form of bars. According to Ycnscn, (r,yo) this was due to 
oxidation and grain refinement in the preparation of the sheets. 

Yenscn a,l,()) in 1924 made an exhaustive study of the magnetic 
properties of electrolytic iron and iron-carbon, iron-manganese, 
iron-silicon, iron-sulphur, and iron-phosphorus alloys, prepared 
with electrolytic iron as the base. Values from 4 of the 27 
specimens of electrolytic iron arc given in Table 42. 


Table 42.— Magnetic Pro pert ms of Electrolytic Iron* 



Anneal in# 



For li 

“ 10,000 gausses 


tempera- 

ture 







Maximum 

Saturation 




Sample No. 



permea- 

bility 

indue.t.ion,t 

gflUHMOM 

Hysteresis 
Iomk, ergs 

Residual 

induction, 

gaUHMCH 

Coercive 

force, 

oersteds 


°o. 

°F. 



per eu. cm. 
per cycle 

2 210 

020 

1088 

10,000 

22,400 

1,000 

9,000 

0.32 

2-210 

1142 

2088 

23 , 000 

22 , 950 

010 

9,250 

0.20 

2 210 

1002 

2000 

4i , mo 

23 , 050 

505 

9 , 400 

0 . 17 

2-231 N 

010 

1070 

25,000 


517 

8,700 

0.15 


* Y<m« «n.»w» 

t In a private communication Ycnson stated that those Maturation values arc probably 
too high. They wore obtained by extrapolation, using Kennedy's law; this procedure is 
now believed to kivo high results. 

In 1928, Yensen (8K1J reported the following magnetic character- 
istics for electrolytic iron, vacuum melted with addition of a 
small amount of carbon to remove oxygen, and then forged and 
machined into rings which were annealed at 900°C. (1650°F,) : 


Maximum permeability 61,000 

Initial permeability 1 , 150 

HyntcmsiH loss for B =» 10,000, ergs per eu. cm. 

per cycle . 300 

Coercive force for B ~ 10,000, oersteds . 0.09 


A recent development in the production of iron of improved 
magnetic qualities is the treatment in hydrogen at high tempera- 
tures, first proposed by Cioffi. <87e ' 0(J4) Basic open-hearth ingot 
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iron was treated with moist hydrogen for 18 hr. at 1475°C. 
(2685°F.), then cooled to 880°C. (1615°F.) in 1 hr., annealed at 
880°C. (1615°F.) for 17 hr. and slowly cooled to room tempera- 
ture. The magnetic characteristics reported by Cioffi for the 
hydrogen-treated iron were: 


Maximum permeability 180,000 

Initial permeability 4,000 

Hysteresis loss (£ max . = 14,000), ergs per cu. 

cm. per cycle 190 

Coercive force (2? max . = 14,000), gausses 0.025 


Subsequent vacuum treatment of the iron at high temperature 
caused evolution of a volume of gas equal to one-half the volume 
of the iron. The analysis of the gas evolved was approximately 
21 per cent H 2 , 33 per cent C0 2 , 34 per cent CO, 2 per cent N 2 , 
and 10 per cent H 2 0. Prolonged vacuum treatment reduced 
the maximum permeability from 190,000 to 145,000 but this 
may have been due to contamination even in the very high 
vacuum or to a reduction in thickness of the metal as a result of 
volatilization. Magnetic characteristics are to some extent 
dependent upon the cross section of the metal. 

Figure 36 shows some recent results, which were obtained by 
Cioffi, for the permeability of hydrogen-treated iron as compared 
with the permeability of the same material in the annealed condi- 
tion but not subjected to the hydrogen treatment. The curve 
was published in the recent review by Ellis and Schumacher. C1052) 

By using pure hydrogen and avoiding contamination from 
furnace gases during the treatment, Cioffi a049) has increased the 
initial permeability to 14,000 and the maximum permeability to 
280,000. These results are now attributed entirely to purifica- 
tion of the metal, not to absorbed hydrogen. The treatment 
reduces the content of oxygen, carbon, nitrogen, and sulphur to a 
few thousandths of 1 per cent each but has practically no effect 
on the content of metallic impurities. Introduction of nitrogen 
or of sulphur into hydrogen-treated iron reduces the permeability. 
After the addition of nitrogen, treatment in hydrogen at 1200°C. 
(2190°F.) is adequate to restore the former magnetic character- 
istics, but, after the addition of sulphur, similar heat treatment 
above 1300°C. (2370°F.) is required. Values for the properties 
other than the permeability of this material are not yet available. 
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There are few data available on the magnetic properties of 
carbonyl iron although the report of Duftsohmid, Sehlecht, and 
Schubardt (9<S5) indicates that the magnetic properties of this 
material are somewhat superior to those of electrolytic iron. 
These authors reported the following characteristics for carbonyl 



Fiu. 30.— The effect of hydrogen treatment on the permeability of annealed iron. 
(Ciojffi, according to Ellis and BchumachorJ lt)n >) 


iron: Maximum permeability of 20,000, saturation induction 
of 22,000 gausses, residual induction of 6000 gausses for a B mKK , of 

10.000, and coercive force of 0.08 oersted, also for a of 

10.000. Carbonyl iron is being used in some of the investigations, 
which are now in progress, of the effect of hydrogen treatment on 
the magnetic properties, but the results of these investigations 
are not yet available. 
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Results representing the magnetic properties of different forms 
of high-purity iron, from the work of various investigators, are 
assembled in Table 43. 


Table 43. — Magnetic Properties op High-purity Iron 


Material 

1 

Investigator 

Date 

Refer- 

ence 

Maxi- 

mum 

per- 

mea- 

bility 

Satura- 
tion in- 
duction, 
gausses 

For R max . = 10,000 

Hystere- 
sis loss, 
ergs per 

cu. cm. 
per cycle 

Residual 

induc- 

tion, 

gausses 

Coercive 

force, 

oersteds 

Electrolytic 

Yensen 

1915 

341 

25,800 


707 

9,300 

0.23 

iron 










Yensen 

1924 

590 

41,500 

23,050 

505 

9,400 

0.17 


Yensen 

1928 

813 

61,000 


300 


0.09 


Gurnlich 

1918 

387 

21,620 ' 





Gumlich 

1921 

434 


21,490 


1,640 

0.115 

Basic open- 

Yensen 

1916 

360 

7,250 



9,000 

0.85 

hearth 









ingot iron 









Carbonyl 

Duftschmid, 

1932 

965 

20,000 

22 , 000 


6,000 

0.08 

iron 

Schlecht, and 









Schubardt 

* 







Hydrogen- 

Cioffi 

1934 

1049 

280,000 


190* 


0.025 

treated 








iron 










*B ma x. - 14,000. 


B. EFFECT OF TEMPERATURE 

A change in temperature has a pronounced effect on the 
magnetic properties of iron. The magnetic properties of the 
different allotropic modifications differ in nature as well as in 
degree; there is a magnetic transition in the properties of alpha 
iron at the A 2 point; the properties of the other allotropic forms 
are affected by changes in temperature within the ranges of 
their existence. 

114. Magnetic Properties of Alpha Iron at Low Temperatures. 

An early investigation of the magnetic properties of iron at low 
temperatures was made by Fleming and Dewar, (69) who found 
that the permeability at low temperatures was less than at room 
temperature for annealed Swedish iron, but was greater for the 
unannealed hardened iron. The hysteresis loss was independent 
pf temperature. Honda and Shimizu, C132) however, found that 
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with decreasing temperature the permeability and hysteresis loss 
decreased for small fields but increased for large fields. Terry < 22f >> 
studied the effects of temperature on the magnetic properties 
of Burgess’ electrolytic iron. His data for the permeability of 
annealed specimens at low temperatures for different field 
strengths are given in Table 44; the hysteresis constants at low 
temperature's are given in Table 45. 


Tabus 44. — Pkkmk ability of Annralkd Electrolytic Iron at Low 

Temperath it ms * 


Temperature 


Field strength, oersteds 


II for maxi- 

' 

°C. J 

°F. 

0.2 

0 . 5 

1 

1 .5 

2 

i 

3 | 

10 

00 

mum per- 
meability 

— 190 

-310 

00 

90 

100 

140 

190 

430 

1130 

280 

0 . 9 

-121 

-180 

05 

120 

250 

250 

700 

1000 

1200 

284 

5.4 

- 00 

- 70 

70 

190 

400 

400 

1 100 

1800 

1300 

283 

4.2 

A- 23 

+ 73 

80 

200 

500 

870jl900j 

2000 j 1 400 

281 

2.9 


* Terry. <***> 


Table 45. Hysteresis Constants of Iron at Low Temper atuiues * 


Temperature 

Hysteresis loss 
for II as “h 90, 

Maximum 

induction, 

Residual 

induction, 

Coercive 

force, 

°C. 

°F. 

ergs per on. 
cm. per cycle 

gausses 

gausses 

oersteds 

-190 

-310 

20,900 

17,000 

11,300 

4.00 

-170 

-274 

24, 150 

17,000 

12,300 

3 . 55 

- 60 

- 70 

21 , 200 

17,500 

13,200 

2.97 

+ 23 

+ 73 

17,490 

17,400 j 

13,000 

2.31 


* Terry. Oa») 


115. Magnetic Properties of Alpha Iron at Elevated Tem- 
peratures.— The first important work on the magnetic properties 
of iron at elevated temperatures in the alpha iron range was that 
of Hopkinson< 46) on wrought iron in 1889. With small fields 
(0,3 oersted) the permeability increased slowly with temperature 
to about 640°C. (1185°F.), then rose rapidly to a maximum of 
about 11,000 at 727°C. (1340°F.) and then decreased to approxi- 
mately unity at 737°C, (1360°F.). At a magnetizing force of 
4.0 oersteds the permeability was nearly constant (2500 to 2750) 
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to about 600°C. (1110°F.) and then decreased rapidly to approxi- 
mately unity. During the next two decades much work was 
done on the magnetism-temperature relationship of commercial 
forms of iron. 

Terry C225) found that the hysteresis loss, retentivity, and 
coercivity of Burgess' electrolytic iron decreased with increasing 
temperature. With low fields the permeability showed a sudden 



Temperature^ deg . C. 

Fig. 37. — Variation of the permeability of annealed electrolytic iron with 
temperature. (T erry .< 225 >) 

rise to a maximum at a temperature slightly below the Curie 
point, the amount of this rise decreasing with increasing fields. 
Terry's data are shown in Figs. 37 and 38. 

116. Magnetic Properties above the A 2 Point. — The tempera- 
ture of the magnetic transformation, the A 2 point, has been dis- 
cussed in the consideration of the allotropy of iron (see Chap. 4). 
Methods such as thermal analysis determine the temperature 
at which the transition is most rapid, whereas the magnetic A 2 
point is generally considered to be the temperature above which 
ferromagnetism is no longer detectable. Thermal-analysis 
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methods indicate that the A 2 point occurs at about 768°C. 
(1415°F.); the magnetic A< 2 point, the Curie point, is usually 
given as between 780 and 800°C. (1435 and 1470°F.) although 
temperatures both higher and lower are found, depending upon 
the material and the sensitivity of the instruments used. 

Although ferromagnetism is no longer detectable at tempera- 
tures above the Curie point, iron is paramagnetic above this 
temperature. Curio (fl4) showed that the susceptibility of iron 
above the A » point is a small but definite value. The mass 



Fig. 38.-”-“ Variation of the hyntoroHiH constant , h of annealed electrolytic iron with 
temperature. ( Terri /. « >) 

susceptibility of paramagnetic alpha iron as reported by Honda 
and Takagi, (;m) Terry, <:m4) and Ishiwara (,U0) is shown in Fig. 39. 
The data were obtained on electrolytic iron ; Terry used Burgess' 
electrolytic iron which had been melted in a vacuum in a magnesia 
crucible. 

117. Magnetic Properties of Gamma Iron.- Five determina- 
tions of the mass susceptibility of iron in the gamma range have 
been reported. Honda and Takagi (245 ° used an ingot which 
was prepared by electric melting of Kahlbaum's “pure” powdered 
iron. Electrolytic iron was used by Terry and in two 



susceptibility, mi ioi 
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Temperature, deg. C. 

Fig. 39. — Mass susceptibility of alpha iron above the Curie point. 



Temperature^ deg. C. 

Fig. 40. — Mass susceptibility of gamma, delta, and molten iron. 
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investigations by lshiwara. (:$77 ' 4,(5) Honda and Kndo <7 ~ 2) used 
basic open-hearth ingot iron. The results of these detennina- 
tions of the susceptibility of gamma, iron are summarized in 
Fig. 40. 

118. Magnetic Properties of Delta Iron. C-urie c, ' 4) noted 
the increase in susceptibility at the A.i point-, but the temperature 
of this effect was reported as about 1280°(h (2225°F.), owing to 
the inaccurate ])yromet-ry of that time. The data reported by 
Lshiwara m7J and Terry <as ‘ u for electrolytic iron indicate that the 
susceptibility of delta iron decreases with temperature, as shown 
in Fig, 40. 

119. Magnetic Properties of Liquid Iron. Honda- and 
Mndo (722) stated that the mass susceptibilities of molten iron 
and stead were between 22 and 22.5 X 10 IS . Terry made 
measurements of susceptibility on unannealed electrolytic iron 
which he stated began to melt at about 1500°(-. (2720°F.). 
From his curve the following values for the mass susceptibility 
of liquid iron were obtained: 

Temperature, °C J 1520 | 1520 15-10 1550 1500 

Mass susceptibility, millionths j 22.7 | 22.5 22.2 22.1 22.9 

C. EFFECT OF IMPURITIES 

The effect of impurities on the magnetic properties was sum- 
marized by Yensen a,s ‘° in the form of a curve which showed the 
changing values, for maximum permeability, reported from year 
to year. In the; years prior to 1000, magnetic measurements 
were made on relatively impure irons; the magnetic properties 
of electrolytic iron products! between about 1000 and 1012 were 
found to be definitely superior to those* of less pure* specimens 
previously used; since 1012, investigators such as Yensen (i)H1,) 
and (2offi (U0,l * lU4tt) have shown that permeabilities previously 
undreamed of cun be obtained from high-purity irons. The 
extraordinarily high permeability attained in recent years may be 
ascribed in part to treatments which arc* not strictly purification 
processes; nevertheless the fact that the best results have been 
obtained by treating specimens which were originally of high 
purity indicates that purity is one of the important factors in 
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determining the magnetic properties. Yensen’s permeability- 
curve, with the addition of recent data obtained by Cioffi, is 
shown in Fig. 41. A companion curve, for the change in the 
hysteresis loss in iron, from year to year since 1885, is shown in 
Fig. 42. 



Year 

Fig. 41. — Maximum permeability of iron as reported since 1873. (Fenam< 989 > 

and Oio.#i.< 1049 >) 

In considering the effect of impurities, Yensen (989) assumed that 
the magnetic properties depend upon the regularity of the 
crystal lattice and that elements may be divided into two classes 
according to their effect upon the lattice and therefore upon 
the magnetic properties. Small amounts of elements such as 
nickel, cobalt, silicon, and aluminum, which substitute for iron 
atoms, cause little strain in the lattice and therefore relatively 
little change in the magnetic properties. Elements such as 
carbon, oxygen, nitrogen, and sulphur do not substitute for iron 



228 


THE METAL— IRON 


atoms but occupy positions between the iron, atoms; these ele- 
ments distort the lattice in occupying the interstitial spaces 
and exert a detrimental effect upon the magnetic properties. 
They may also react with interstitial elements and precipitate 
them from solution, thus exerting an indirect effect on the 
magnetic properties. (or>4) 

The phenomenon of magnetic aging, the change with time of 
magnetic properties of cold-worked or quenched metal, is also 
an effect of impurities. It results from the gradual precipitation 
of impurities from solid solution. There is little information 



available in regard to magnetic aging in high-purity irons, but it 
would be expected that this effect would decrease in importance 
with increasing purity of the material. Kdster< 8:w found that the 
coercive force of either Armeo iron or Swedish iron, which had 
been quenched from 930°C. (1705°F.), was approximately 
doubled by 14 days' aging at 100°G. (210°, F.), but the coercive 
force of electrolytic iron was not affected by this treatment. 

Available knowledge of the effect of impurities on the magnetic 
properties of iron is due largely to two investigators, Yensen 
and Gumlich. The former used electrolytic iron as the base in 
preparing his alloys which, therefore, contained only slight 
amounts of elements other than iron and the alloying element; 
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Gumlich used commercial irons and steels containing considerable 
amounts of impurities which probably influenced to some extent 
the effect of the varying element in the series. Consequently 
Yensen's data seem more reliable at least as regards the effect 
of small amounts of impurities. 

120. Effect of Aluminum. — The saturation induction of iron- 
aluminum alloys may be expressed, according to Gumlich, (387) by 
the equation: 

Saturation induction (AkI m ) =* 21,640 — 570 X % A1 

121. Effect of Carbon. — The effect of carbon on the saturation 
intensity was studied by Gumlich (3S7) who found that different 
equations were necessary to express the effect of variations in 
the carbon content above and below 0.96 per cent. Carbon 
affects the magnetic properties of iron to a marked extent 
according to YensenV 5905 data for the iron-carbon alloys, 
abstracted in Table 46. 


Table 46. — Effect of Carbon on Magnetic Characteristics* 





For H max . - 10,000 

Carbon, 
per cent 

Maximum 

permea- 

bility 

Saturation f 
induction, 
gausses 

Hysteresis 
loss, ergs 
per cu. cm. 
per cycle 

Residual 

induction, 

gausses 

Coercive 

force, 

oersteds 

0.0015 

41 , 500 

23,050 

505 

9,400 

0.17 

0.0017 

27,300 


647 

8,400 

0.21 

0.0018 

24,000 


660 

9,000 

0.20 

0.0025 

20,000 


873 

8,200 

0.28 

0.0040 

12,000 


1,440 

8,950 

0.48 

0.008 

9,000 

22,800 

1,700 

8,100 

0.58 

0.021 ; 

5,400 

22,650 

2,070 

7,000 

0.67 

0.061 

4,670 

22 , 600 

2,150 

6,550 

0.76 

0.174 

3,300 


3,120 

6,900 

1.00 


* Yensen.< soo > 

t These saturation values are probably too high. See footnote to Table 42, p. 218. 


These data indicated to Yensen that the effect on the magnetic 
properties differed greatly in different ranges of carbon content. 
The effect of very small amounts, less than 0.008 per cent, was 
t<* increase the hysteresis loss by an amount equal to 104,000 
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times the percentage of carbon. For carbon contents between 
0.008 and 0.09 per cent the effect of increasing carbon was not so 
pronounced; it was the effect of 0.008 per cent of carbon plus 
an amount equal to 2250 times the percentage of carbon in 
excess of 0.008 per cent. The effect again increased for carbon 



Flu. 43.-- FITtict of carbon content on tho maximum permeability of iron. 

(KwMm.iwi) 


to 10,700 times the percentage of carbon in excess of 0.09 per cent. 
Yensen suggested that those effects were due to the different 
forms in which carbon exists in iron: for carbon contents of less 
than 0.008 per cent the carbon was in solid solution in the iron; 
between 0.008 and 0.09 per cent the carbon existed as cementite, 
and between 0.09 and 0.9 per cent as pcarlitc. Evidently the 
carbon which is in solid solution in iron is particularly potent 
in affecting magnetic properties. As Yensen suggested, the 
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beneficial effects of additions of silicon to iron, with respect to 
the magnetic properties, are due at least in part to changes in 
the state of existence of the carbon, to precipitation of carbon 
as graphite instead of as pearlite. It is also possible that the 
presence of silicon decreases the amount of carbon which can 
be retained in solid solution in the iron. 


Ca rbon, per cent (upper curve) 

0.2 0.4 0.6 0.B 1.0 



Fig. 44. — Effect of carbon content on the minimum reluctivity of iron. 

( V* P.’n.ftf’.rt. ( 59 0 

The relation between maximum permeability and carbon 
content was a rectangular hyperbola for low carbon contents 
(Fig. 43), according to Yensen; the relation between minimum 
reluctivity, which is the reciprocal of maximum permeability, 
and carbon content was a straight line (Fig. 44). Recently 
Yensen and Ziegler c 108 ^ extended this work and determined 
the effect of small amounts of carbon and of oxygen on the 
magnetic properties of ring samples of selected electrolytic iron. 
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The amounts of impurities present, other than carbon and 
oxygen, were low and were uniform. The contents of phos- 
phorus, manganese, and sulphur were each less than 0.003 per 
cent, hydrogen was 0.001 x>er cent or less, and nitrogen 0.0005 per 
cent or less. It was found that the effect of 0.001 per cent of 



and 

carbon was about 10 times that of an equal amount of oxygen 
and that the effects of carbon and oxygen were interrelated. 
These new data indicated that the effect of carbon in oxygen-free 
iron was not so great as was indicated in the earlier work (690) 
with samples which contained about 0.02 per cent of oxygen. 
The new data of Yensen and Ziegler for the effects of small 
amounts of carbon on the hysteresis loss and coercive force for 
a of 10,000 and on the minimum reluctivity are shown in 

Fig. 45; the effect of carbon on the maximum permeability of a 
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single crystal of oxygen-free iron is shown in Pig. 46. These 
data indicate that the maximum permeability of a single crystal 
of iron, which contained 0.001 per cent of carbon and was free 
from oxygen, would be about 500,000. 



Fig. 46. — Effect of carbon content on the maximum permeability of a single 
crystal of oxygen-free iron. ( Yensen and Ziegler .( 1081 >) 

The magnetic characteristics of a series of iron-carbon alloys 
prepared from electrolytic iron were determined by Cheney. C464) 
These alloys were essentially carbon steels, with carbon contents 
up to 1.60 per cent; consequently discussion of Cheney's results 
is beyond the scope of this monograph. 

122. The Effect of Hydrogen. — The earliest investigations 
of the magnetic properties of electrolytic iron were on iron as 
deposited. Such iron usually contains appreciable amounts of 
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occluded hydrogen, which makes it hard magnetically as well as 
mechanically. Beetz (l2) in 1860 reported that electrolytic iron 
deposited in a magnetic field had a large residual magnetism. 
Holz <28) reported similar results. Leiek (7l> used different elec- 
trolytes and found that the magnetic properties of the iron, were 
independent of the electrolyte, although later workers, Mau- 
rain, (l04) Sohild/ 18r,) Kaufmann and Meier, lS44) and Son6 (8;,w 
found that the composition of the electrolyte, particularly acidity, 
had a marked effect on the magnetic properties of the iron. 
Leiek <71) found the permanent magnetism to bo about 70 per cent 



of the temporary value. Maurain n04) studied the relation 
between the magnetism of electrolytic iron and the strength of 
the field applied during eleetrodeposition. He found that the 
residual magnetism of iron deposited in a magnetic field was 
greater than that of iron deposited in zero field and then mag- 
netized. These results were confirmed by Son<y ;m) but Kaufmann 
and Meier (244) found that the magnetic properties were similar 
whether the iron was magnetized during deposition or after. 
Maurain <104) found that the hysteresis loop of electrolytic iron 
as deposited was much wider than that of ordinary iron and was 
in fact nearly a square with two opposite corners rounded, as is 
illustrated in Fig. 47. Kaufmann and Meier f ound that Maurairds 
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loop was obtained only when the composition of the electrolyte 
used in preparing the iron was kept within narrow limits. They 
also found that electrolytic iron gradually lost its peculiar 
magnetic properties upon standing, and concluded that this was 
due to a loss of occluded hydrogen, as the properties could be 
restored by cathodic polarization. 

Some magnetic characteristics of electrolytic iron as deposited 
were reported by Burgess and Taylor/ 141) Burgess and Aston, (208) 
Schild/ 185) and Terry (225) and are given in Table 47. 


Table 47. — Magnetic Properties of Electrolytic Iron as Deposited 


Investigator 

Field 

strength, 

oersteds 

Hystere- 
sis loss, 
ergs per 

cu. cm. 
per cycle 

Resid- 

ual 

induc- 

tion, 

gausses 

Coer- 

cive 

force, 

oersteds 

Maxi- 

mum 

induc- 

tion, 

gausses 

Maxi- 

mum 

per- 

mea- 

bility 

Burgess and Tay- 
lor< 141 > 

100 

200 




15,750 



10,300 

11.0 

Burgess and As- 
ton (208 > 

100 

200 




17,450 



11,200 

18.5 

Schild< 186 > 

24.6 

79.9 

123.8 

7,442 
40 , 000 
56,900 



5,627 

13,105 

15,773 









Terry (225) 

100 

140 

| 21,300 
41,400 

7,940 
9 , 650 

3.84 

7.53 

17,800 

17,450 

1,040 


Recent investigations have shown that the effect of hydrogen 
on the magnetic properties of electrodeposited iron is due 
primarily to the distortion of the lattice which accompanies its 
introduction. Wever and Pfarr (1038) found that soft ingot steel 
(0.01 per cent carbon, 0.35 per cent manganese, 0.031 per cent 
phosphorus, 0.023 per cent sulphur, trace of silicon) contained 
about 30 cu. cm. of hydrogen per 100 g. of steel after electrolysis 
in dilute sulphuric acid, and that the introduction of this amount 
of hydrogen caused an increase in the width of the lattice, which 
increase was slowly reduced on standing as follows : 
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Condition of Material Lattice Constant, A. 

Before electrolysis 2 . 8009 

Immediately after electrolysis 2, 86 14 

1 day after electrolysis 2,8614 

15 days after electrolysis , 2.8613 

14 days after electrolysis 2.8611 

1 5 days after electrolysis 2.8611 

Rebcr (1,)70) concluded that the (linnet cause of the magnetic 
hardening of cathode iron was plastic deformation produced by 
internal liberation of hydrogen from the supersaturated metal. 
He found that recrystallization was necessary to remove the 
effects of the hydrogen; annealing at low temperatures, which 
removed the hydrogen but did not promote reerystallization, 
was ineffective. This conclusion, that the presence of hydrogen 
which is occluded in iron at ordinary temperatures is not the 
direct cause for the change in magnetic*, properties, agrees with 
the opinion which is now generally held in regard to the effect 
of the treatment of solid iron in hydrogen at high temperatures. 
The effect of the latter treatment is believed to be duo to the 
increased purity and to grain refinement, not to the presence of 
residual hydrogen. It has been shown that iron, which has been 
treated under conditions which produce the maximum perme- 
abilities so far obtained, does not retain more than the merest 
trace of hydrogen. Furthermore;, KOrber and Ploum <lf,n) found 
that some iron absorbed hydrogen during electrolysis but that 
residual hydrogen could not be detected in extremely pure iron 
after such treatment. 

123. Effect of Manganese.— The hysteresis loss of electrolytic 
iron was increased by manganese by an amount equal to 1000 
times the percentage of manganese according to Yonsen. (M>0) 
This applied to contents of 0.G per cent or less. (3hmdieh (887) 
expressed the effect on the saturation intensity of manganese up 
to 7.8 per cent by the equation : 

Saturation induction (4r/ M ) = 21,425 — 210 X % Mn 

124. Effect of Nitrogen. — Yenscn (iw)) assumed that the effect 
of nitrogen would be similar to that of carbon, oxygen, and 
sulphur. A sample of CioffLs hydrogen-treated iron contained 
only 0.0001 per cent nitrogen according to an analysis reported 
by Bain, (ur,7) and it has been suggested that the production of 
high permeability is related to the elimination of nitrogen. 
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Some additional data on the effect of nitrogen were presented by 
Ciofii* showing that the permeability of a specimen of hydrogen- 
treated iron was diminished from 211,000 to 38,000 as a result of 
treatment in ammonia at 1200°C. (2190°F.). Subsequent 

treatment in pure hydrogen at 1200°C. increased the permeability 



and Ziegler. < 1081 >) 

of this specimen to 280,000. Strauss (318) found that the magnetic 
properties of iron containing 4 per cent silicon were affected 
adversely by treatment at 600 and 900°C. (1110 and 1650°F.) 
with nitrogen. 

125. Effect of Oxygen. — It has been generally assumed that 
oxygen is detrimental' to the magnetic qualities of iron although 
there are few data available to show the quantitative relation 
between oxygen content and magnetic properties. This is due 
* Data presented before the Am. Phys. Soc. in Washington, in April, 1934. 



238 


TIJJS METAL — IKON 


largely to the difficulty of obtaining specimens in which the 
oxygen, content is the only variable. Gumlich <2f,8) found that 
carbon monoxide was evolved from iron during an annealing 
process which resulted in an improvement in the magnetic 
properties. The work of Oertel and his eoworkers C707 ' 70H) indi- 
cated that the best magnetic, properties were produced by 



F Hi. *19. -Kftoct of oxygon content on the maximum permeability of a ninglo 
crystal of carbon-free iron. ( Yvtihcu and ZUylnrJ ™ Ht >) 

annealing treatment when the iron prior to annealing contained 
carbon and oxygen in the relative proportions of the compound 
carbon monoxide. Gries and Ksser fKrl ° reported that an increase 
in the oxygen content of iron from 0.03 to 0.14 per cent increased 
the coercive force from 0.8 to 1.49 oersteds and increased the 
residual induction from 6400 to 11,500 gausses. Ziegler (l040) 
found that the maximum permeability decreased from 50,000 to 
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about 21,000 as oxygen increased from about 0.016 to 0.07 per 
cent. 

Recent work by Yensen and Ziegler ( 108 x) indicates that the 
effect of oxygen on the magnetic properties of iron is very large 
for contents of less than 0.02 per cent but that the effect of 
oxygen between 0.02 and 0.15 per cent (the limit of the investi- 
gation) is negligible. Some of their results for the effect of 
oxygen on hysteresis loss and coercive force at a B rnax . of 10,000, 
on minimum reluctivity, and on maximum permeability are 
shown in Figs. 48 and 49. 

126. Effect of Phosphorus. — Phosphorus up to 0.015 per cent 
increased the hysteresis loss by an amount equal to 13,000 times 
the percentage of phosphorus, but further increase in the phos- 
phorus content had no further effect on the hysteresis loss, 
according to Yensen. (590) He suggested that the limit of solu- 
bility of phosphorus in iron is 0.015 per cent and that larger 
amounts are precipitated as a non-magnetic compound with 
iron. Other determinations indicate that the limit of solubility 


Table 48. — Magnetic Properties of Iron-silicon Alloys* 


Silicon, 
per cent 

Maxi- 

mum 

permea- 

bility 


For 5 max . 

— 10,000 

7 

For B 

max . — 15,000 

Permea- 

bility 

Hysteresis 
loss, ergs 
per cu. cm. 
per cycle 

Residual 

induc- 

tion, 

gausses 

Coercive 

force, 

oersteds 

Hysteresis 
loss, ergs 
per cu. cm. 
per cycle 

Residual 

induc- 

tion, 

gausses 

Coercive 

force, 

oersteds 

0.001 

25,800 

25,600 

707 

9,300 

0.23 

1,451 

12,700 

0.28 

0.01 

29,000 

28,670 

707 

9,600 

0.21 

1,604 

14,300 

0.31 

0.048 

27,000 

27 , 000 

700 

9,440 

0.23 

1,660 

14,480 

0.32 

0.064 

36,800 

36,300 

502 

9,500 

0.16 

1,336 

14,300 

0.25 

0.091 

45,250 

43 , 500 

394 

9,500 

0.13 

929 

14,300 

0.17 

0.148 

66,500 

41 700 

286 

9,080 

0.09 

916 

12,000 

0.16 

0.205 

30,200 

29 , 500 

649 

9,300 

0.20 

1,526 

14,480 

0.27 

0.242 

36,500 

33,000 

436 

9,700 

0.13 

1,346 

14,500 

0.21 

0.309 

44 , 800 

43 , 500 

445 

9,600 

0.13 

1,412 

14,500 

0.24 

0.400 

22,500 

22 , 000 

725 

9,440 

0.21 

1 , 820 

14,480 

0.32 

0.698 

20,350 

19 , 600 

780 

9,300 

0.25 

2,220 

14,400 

0.40 

1.71 

30,150 

24,700 

440 

8,700 

0.12 

1,292 

12,000 

0.22 

2.73 

46,800 

46 , 000 

404 

9,100 

0.13 

1,260 

13 , 300 

0.23 

3.40 

63,300 

46 , 500 

280 

9,100 

0.08 

1,025 

12,400 

0.15 

4.39 

25,700 

15,400 

591 

8,300 

0.20 

1,819 

10,200 

0.25 

4.92 

12,200 

7,040 

780 

6,300 

0.26 

2 , 620 

7,100 

0.35 

, 


* Yensen,. (342) 
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of phosphorus in iron is about 1 per cent at room temperature. 
(See discussion of phosphorus in Chapter XII of this monograph.) 

127. Effect of Silicon. Values of the saturation induction 
for iron-silicon alloys containing up to 5 per cent silicon were 
expressed by Ouinlieh ( ' W) by the following formula: 

Saturation induction (4 ttIJ) = 21,000 •— 480 X % Si 

The magnetic properties of electrolytic iron alloyed with increasing 
amounts of silicon art* given in Table 48 from Yensents data. <;,42) 

128. Effect of Sulphur. CioIIi reported* that when hydrogen- 
purified iron, which lmd a g mnx> of 128,000, was heated at 1800°0. 
(2870°K.) in hydrogen which contained 0.05 per cent, of hydrogen 
sulphide, the permeability diminished to 89,000. Subsequent 
treatment in pun* hydrogen at 14S0°O. (2095°F.) restored the 
permeability to 144,000. 

The only available data on the effect of sulphur on the hystere- 
sis loss are those of Yensen, (f ’ u(h who found that sulphur when 
present in amounts of 0.08 per cent or loss, increased the hystere- 
sis loss by an amount equal to 18,000 times the percentage of 
sulphur. 


D. EFFECT OF GRAIN SIZE 

As early as 1902 it was pointed out by llieks n,m that the 
elements aluminum, silicon, and phosphorus, which increased, 
the permeability of iron when alloyed with it, also increased 
the crystalline size of the metal. It was suggested that the 
increase in permeability was an effect of increased crystal size. 
Thompson^ 6 * 0 heat treated several samples of Swedish bar iron 
to produce material of different crystal size and found that the 
maximum induction and residual induction were independent 
of crystal size* but that the coercive force and hysteresis loss 
increased with decreasing crystal size*. Yensen twm • H7^1, found that 
the relation between grain size and hysteresis loss was affected 
by the carbon content. For carbon in solution (less than 
0.008 per cent) the relation was expressed by the equat ion 

W = 65 VN + K, 


Data presented before the Am Phys. Hoc. in Washington, in April, 1934. 
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where W = the hysteresis loss, N = the number of grains per 
sq. mm., and K = the correction for effect of impurities. For 
carbon contents over 0.008 the equation was : W — 3 N + K. 

Honda and Kaya (667) determined the magnetic characteristics 
of six specimens of Swedish mild steel (0.10 per cent carbon, 
trace of silicon, 0.40 per cent manganese, 0.021 per cent sulphur, 
and 0.021 per cent phosphorus) of varying grain size. Their 
results are given in Fig. 50. The value of i? max . used was not 
stated. Yon Auwers (762>763) investigated the magnetic properties 
of electrolytic-iron strips which were stretched to 2, 4, 7, 15, 



"0.001" : 0.01 "o.T to ' 10 ’ "“'*100 


Grains per sq.mm. 

Fig. 50 . — Relation between hysteresis loss and grain size of mild steel. ( Honda 

and Kaya.W O) 


and 25 per cent elongation and annealed at 870°C. (1'600°F.) for 
40 hr. The grain size varied from 4 sq. mm. to 0.050 sq. mm. 
Von Auwers concluded that grain size does not directly influence 
the magnetic properties but exerts an indirect influence on the 
effect of impurities localized on the grain surface. 

The effect of grain size was investigated by Sizoo (806) for 
electrolytic iron which contained 0.024 per cent carbon, 0.014 per 
cent silicon, and 0.012 per cent sulphur. Since the effects of 
grain size might be masked by differences in thermal or mechani- 
cal treatment, Sizoo took precautions to have his specimens 
uniform except for grain size. From his results, Fig. 51, he 
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concluded that with increasing crystal size coercive force and 
hysteresis loss decreased, maximum permeability increased, and 
residual induction was unaffected. Gerlach (fil2) stated that the 
residual induction decreased with increasing crystal size. Results 
of an investigation by Ruder 110711 led him to conclude that, 
although grain size does affect the hysteresis loss, other factors 



Flu. 51. — Fffoct. of grain wiaso of dUwtrolytio iron on hyntoroHiH Iohh ami on maxi- 
mum pornxoabililiy. (*S few.tf* 1 ')) 

such as purity, method of preparai.it >n, size and heat treatment 
of specimens have a much greater effect, so that variations in 
these factors may mask the effect of grain size. 

The results obtained by Ziegler ' 0 in) showed a definite relation- 
ship between the magnetic quality of iron and grain size: the 
coarser the grain, the higher the magnetic quality. Recent 
work of Yensen and Ziegler (J0K1) showed that the effect of grain 
size on the magnetic properties, eliminating the effects of carbon 
and of oxygen, is proportional to the grain number N , not to the 
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square root of this number as reported in an earlier investiga- 
tion^ 5905 Their results are shown in Fig. 52. They also found 
that the effect of grain size varies with the amounts of non- 
metallic elements which are present. 


E. EFFECT OF COLD WORK AND HEAT TREATMENT 

Since the magnetic properties of iron depend upon the regular- 
ity of the crystal lattice, any deformation, such as occurs in cold 



properties of iron. ( Yensen and ZieglerS 1081 >) 

working or heat treatment, which induces strains in the crystal 
structure, affects the magnetic properties. 

129. Effect of Cold Work. — Reference has been made pre- 
viously in this chapter to the work of Reber c 10705 who showed that 
the effect of electrolytically occluded hydrogen on the magnetic 
properties of iron was due to the cold work produced in the metal 
by the process of occlusion. Recrystallization was necessary 
fully to restore the magnetic properties. Ewing (92) made 






244 


TEE METAL — IRON 


measurements on an annealed iron wire and on the same wire 
after 10 per cent extension in a testing machine and obtained 
the following: 


Property 

\rmealed 

wire 

Stretched 

wire 

Maximum permeability 

3080 

070 

Intensity of magnetization at E = 40 

1230 

i 100 

Residual induction, gausses 

930 

400 

Coercive force, oersteds 

1.7 

4.5 


The effect of cold rolling of several commercial irons and steels 
was investigated by Goercns. ctM()) His data for a basic Bessemer 
steel with 0.07 per cent carbon and 0.65 per cent total reported 
impurities are given in Table 49. 


Table 49. — Effect of Cold Rolling on Magnetic Properties of Low- 

carbon Steel* 


Reduc- 
tion in 
area, pea* 
cent 

Maximum 

permea- 

bility 

Maximum 

magnetizing 

force, 

oersteds 

Residual 

induction, 

gausses 

Coercive 

force, 

oersted** 

Hysteresis 
loss, ergs 
per eu. cm. 
per cycle 

None 

1091 

178 

8200 

3.5 

24,400 

41.6 

442 

180 

0000 

7.0 

43,950 

70.5 


178.8 

7900 

10.1 


79.5 


179.8 

7000 

11.0 


85.7 

420 

179.9 

8000 

12.7 

75,200 

89.2 

415 

179.0 

9300 

11.0 

70,000 

93.2 

400 

178.8 

9200 

13.0 

77,200 

95.2 

410 

178.4 

9500 

12.9 

77,000 

90.5 

380 

178.0 

9800 

14 . 8 

78,650 


* Gooren«.O 40 > 


The effect of cold rolling, for reductions between 8,83 and 
75 per cent of the cross section, on the hysteresis loss of annealed 
polycrystalline and single-crystal specimens of electrolytic iron 
was determined by Grios and Esser. C831) Their results are shown 
in Figs. 53 and 54. 
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The available data indicate that cold working decreases 
permeability and increases residual induction, coercive force, 
and hysteresis loss. Only the saturation intensity is unaffected 
by mechanical deformation. 

130. Effect of Heat Treatment. — In considering the effect 
of annealing on the magnetic properties of iron and the deter- 


22,000 


,20,000 


g 18,000 

■j= 16,000 

0 

SJ 
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H 14,000 

f 

te 12,000 

1 
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Jr 4,000 
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'Flu. 65. — Effect of annealing on the magnetic eharaeieriHticrt of olwitrolytifl iron. 

(Terry. WU) 



mination of the optimum annealing temperature, it might be 
thought necessary to distinguish between the annealing of 
previously .melted iron and of electrolytic iron as deposited, inas- 
much as the removal of occluded hydrogen is an important 
factor in the annealing of electrolytic iron but is not involved in 
the case of fused iron. A survey of the data indicates, however, 
that the annealing temperature necessary to obtain the best 
magnetic properties is the same for both types of iron. 
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The data of Terry C225) for the hysteresis constants of Burgess' 
electrolytic iron, as deposited and annealed at temperatures up 
to 1300°C. (2370°F.), are reproduced in Fig. 55. The best 
results were obtained by annealing at 1100°C. (2010°F.)- The 
maximum induction was not affected by changes in temperature. 
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Fig. 56. — Effect of annealing on the coercive force of electrolytic iron. 

( [GumlichA 434 >) 

The results reported by Burgess and Aston (208) for electrolytic 
iron before and after annealing were: 


Treatment 


As deposited 

Annealed at 675°C. (1245°F.). . 
Annealed at 1000°C. (1830°F.) . 


For H max . = 200 

Coercive 

Residual 

force 7 

induction, 

oersteds 

gausses 

18.5 

11,200 

9.3 

12,900 

6.2 

4,900 
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Annealing tempera ture,deg.C. 

Fio. 57 Kffoct; of annealing on ronidual induction of electrolytic iron. 

The effects of annealing on the magnetic properties of Fischer 
electrolytic iron (as deposited) were reported by Gumlich <387 > 
as follows: 


Treatment 


Before annealing 

Annealed 24 hr. at 800°G. (1470°F.) and 

cooled « lowly 

Five heatingn to 920°C, (1690°F.) with 

quick cooling. 

Thirteen, heatings to 830°C. (1625°F.) 
with quick cooling 


Coercive 

force, 

oerstedH 

Residual 

induction, 

gaUHBCH 

Maximum 

permea- 

bility 

2.83 

11,450 

1,850 

0.375 

10,850 

14,400 

0.225 

5,000 

11,000 

0.155 

850 

4,800 


Results from a later investigation by Gumlich (434) are given in 
Table 50 and in Figs. 56 and 57. 
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Table 50. — Effect of Annealing on Magnetic Properties of 
Electrolytic Iron* 


Annealing 

Induction, gausses, 

Coercive force, oersteds, 

Residual induction, 

temperature 

_ . 

for H = 150 

for H = 150 

! 



gausses, for II 

« 150 

°C. 

°F. 

At 

nt ' 

Cf 

A 

B 

C 

A 

B 

C 



18,820 



7. 1 

3.43 

2. 12 

13,440 



800 

1470 

18,410 

18,870 

18,480 

0.79 

0.34 

0.45 

6 360 

3,170 

9,100 

890 

1635 

17,950 

18,740 

18,530 

0.30 

0.235 

0.395 

2,920 

2,380 

i 7,550 

915 

1680 

18,050 

18,650 

18,500 

0.165 

0.225 

0.37 

2,030 

2,040 

7,360 

1000 

1830 

17,530 

17,530 

18,180 

0.14 

0.115 i 

0.335 

2,490 

1,640 

6,730 

1100 

2010 

18,060 

18,280 

18,340 

0. 175 

0.16 

0.34 

2,660 

2,090 

; 7,040 


* Gumlich.W 34 ) 

f A — Griesheim electrolytic iron, as deposited. 

B — Fischer electrolytic iron, as deposited. 

C = Pfanhauser electrolytic iron, vacuum melted. 

From data obtained on vacuum-melted electrolytic iron, 
Yensen (321) found that the permeability increased slowly with 
increasing temperature of annealing up to 700°C. (1290°F.), and 
then increased rapidly as the annealing temperature was raised 
from 700 to 800°C. Above 900°C. (1650°F.) the effect was 
uncertain. The permeability for low values of H decreased 
upon annealing at 950°C. (1740°F.) but rose again upon annealing 
at 1000°C. (1830°F.). For values of H — 8 or more, annealing 
at temperatures above 900°C. decreased the permeability. 

In the course of his work with hydrogen-treated irons, Cioffi.* 
found that high permeability was obtained when the treatment 
at high temperatures was followed by an anneal at a temperature 
not far below the. A 3 point, for example at about 880°C. (1615°F.). 
The object of this anneal is to remove the strains introduced by 
lattice distortion during the transformation from gamma to 
alpha iron. Slow cooling through the transformation range is 
equivalent to a certain amount of subsequent annealing below 
the A 3 point. The importance of this annealing treatment, 
at temperatures below the A z point, had not been previously 
recognized and perhaps accounts for some of the inconsistent 
results which have been obtained from treatment at higher 
temperatures. The question will be treated more fully in a 
paper now in preparation in Dr. Cioffi/s laboratory. 

* Private communications. 
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F. MECHANOMAGNETIC EFFECTS 

When a specimen of iron is magnetized, changes in length 
and volume occur; tension, pressure, or torsion therefore affects 
the magnetism of iron. The literature concerning these mechano- 
magnetic effects is voluminous/ the interest in the phenomena 
being due largely to the possibility that light may be shed on 
the nature and mechanism of magnetism; their technological 
importance, however, is slight. These subjects belong in the 
realm of theoretical rather than practical magnetism, hence 
their present consideration is limited. 

131. Effect of Tension. — The effect of tension on the magnetic 
properties of soft iron was investigated in 1885 by Ewing.< 33A > 
He found that, with constant field, the magnetization increased 
with increasing load until a maximum effect was reached at 
about 29,600 lb. per sq. in. Further increases in load decreased 
the effect on the magnetization. A reverse effect was observed 
during unloading but hysteresis evidently occurred. The 
maximum effect during unloading was • obtained at about 
20,800 lb. per sq. in. With repeated loading and unloading the 
hysteresis decreased in amount but never disappeared com- 
pletely. A more thorough study of the effect of tension was 
made by Honda and Terada, (157A) who found that it had no 
appreciable effect on the intensity of magnetization of Swedish 
iron for field strengths of about 24 oersteds; with lower field 
strengths the intensity of magnetization increased with increasing 
tension, and with field strengths greater than 24 oersteds the 
intensity decreased with increasing tension. Honda and Terada 
concluded that this effect was related to the phenomenon of 
magnetostriction . 

Superimposition of an alternating current upon the magnetizing 
field eliminated hysteresis and increased the effect of tension on 
the magnetic properties, according to results obtained by 
MeCorkle. (623A) In his experiments with a weak field (0.85 
oersted) the maximum effect was obtained under a tension of 
about 145 lb. per sq. in. 

Data which were obtained by Fischer* illustrate the effect of a 
tensile load on the intrinsic induction of electrolytic iron and of 
Armco iron. The electrolytic iron contained 0.016 per cent 

* Unpublished data of M. F. Fischer, National Bureau of Standards. 
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carbon, 0.005 per cent phosphorus, 0.002 per cent sulphur, 
0.001 per cent silicon, and less than 0.001 per cent manganese. 
Both irons were annealed at 950°C. (1740°F.) prior to test. The 
intrinsic induction for different field strengths was determined 
for the electrolytic iron both in the annealed condition and under 
a tension of 4750 lb. per sq. in., and for the Armco iron in the 
annealed condition and under a tension of 3564 lb. per sq. in. 
The differences between pairs of determinations, on loaded and 
unloaded specimens, are plotted in Fig. 58; a positive difference 
shows that the induction of the loaded specimen was greater 



Fig. 58. — Effect of tension on the intrinsic induction of electrolytic iron and 
Armed iron. ( Unpublished data by Fischer.) 


than that of the unloaded specimen, at that particular field 
strength. Under these conditions the maximum effect of tension 
occurred at field strengths between 1 and 2 oersteds. The 
Villari point (no effect of tension) occurred at field strengths of 
11 oersteds for electrolytic iron and less than 3 oersteds for 
Armco iron. The two curves are not directly comparable as 
the amounts of tension were different in the two cases. 

The effect of tension on the magnetic properties of single crys- 
tals of iron was investigated by Webster. (640) Tension applied 
in the direction of the [1 0 0] axis increased the intensity of 
magnetization in all fields. The increase reached a maximum 
at a field strength of about 100 oersteds, then decreased with 
increasing field strengths to a value which was constant for field 
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strengths greater than 200 oersteds. A.pplication of tension 
in the direction of the [1 1 0] axis caused an increase in magnetic 
intensity for field strengths of less than 125 oersteds but caused 
a decrease for fields of higher strength. Tension in the direction 
of the [1 1 1] axis caused a decrease in magnetic intensity for all 
field strengths. 

The change in the magnetic properties which is caused by 
tension was used by Fraichet< 507A ’ 50755 and by Lopuchin< 10625 
as a means of accurate determination of the elastic limit of iron. 

132. Effect of Pressure. — The effect of pressure on the 
magnetization of iron was investigated by Tomlinson/ 405 Nagaoka 
and Honda/ 81 ’ 95 ’ 1115 Frisbie/ 1235 and Yeh. (589) The last deter- 
mined the pressure effect for both electrolytic iron and steel 
and concluded that: 

1. Within the range of pressure from 0 to 1200 kg. per sq. cm. at constant 
H, the relation between magnetization and pressure was linear. 

2. Within the field range 0 to 100 gausses, the pressure coefficient per 
unit volume was negative. 

3. At room temperature the percentage change of magnetization per 
unit volume was a maximum of —5.5 per cent per 1000 kg. per sq. cm. at 
H = 1.2 oersteds. The percentage change decreased rapidly on both sides 
of this maximum approaching the axis asymptotically for large values of H. 

4. The absolute value of the pressure coefficient of magnetization per 
unit volume was less at high than at low temperatures. 

5. The percentage change of magnetization with pressure was a very 
sensitive function of the carbon content. 

6. The retentivity of iron decreased under pressure. 

The temperature and pressure coefficients obtained by Yeh 
on electrolytic iron stated to contain 0.02 per cent of impurities 
are given in Table 51. 

133. Volume Effects. — There have been many investigations 
of the change in volume or length of iron, with magnetization, 
but only a few representative investigations are reviewed here. 

Nagaoka and Honda (81) found slight increase in the volume of 
an ovoid of Swedish iron when magnetized. Their data are 
given in Table 52. 

134. Change in Length (Magnetostriction). — Schulze C805) made 
precise measurements of the magnetostriction (change in length) 
of electrolytic iron, commercial iron, steel, cast iron, and iron- 
nickel, iron-silicon, iron-aluminum, and iron-manganese alloys. 
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Table 51. — Temperature and Pressure Coefficients of Magneti- 
zation of Iron* 


Field 

strength, 

oersteds 

Pressure coefficient 

AB/B per 1000 kg. per sq. cm. 

_ 

Temperature coefficient 
AB/B per °C. at pressure P 

At 25°C. 

At 100°C. 

II 

o 

P = 7050 kg. 
per sq. cm. 

0.43 

-3.25 

-0.99 

-1-0.147 

4-0.177 

0.61 

-3.93 

-2.09 

0.171 

0.195 

0.86 

-4.80 

-3.69 

0.232 

0.247 

1.08 

-5.48 

-4.87 

0.285 

0.294 

1.30 

— 5.51 

-5.39 

0.263 

0.264 

1.51 

-4.97 

-4.65 

0.153 

0.158 

1.73 

-4.36 

-3.70 

0.126 

0.135 

1.94 

-3.79 

-3.08 

0.097 

0.106 

2.16 

-3.14 

-2.61 

0.072 

0.079 

4.32 

-1.20 

-1.23 




* Yeh.C&M) 


His results for electrolytic iron are shown in Fig. 59; his data for 
electrolytic iron and two commercial irons are given in Table 53. 
With increasing field strength electrolytic iron first increased 
rapidly in length to a maximum for a field strength of about 

Table 52. — Volume Change of Iron with Magnetization* 


Field inten- 
sity, H, 
oersteds 

Intensity of 
magnetization, 
I 

Volume 

change, 

AV/V 

2 

155 

4-0.1 X 10~ 7 

3 

340 

0.3 X 10“ 7 

4 

540 

0.4 X 10" 7 

6 

800 

0.6 X KT 7 

12 

1100 

0.9 X 10“ 7 

17 

1200 

1 . 1 X 10“ 7 

29 

1270 

1.3 X lO” 7 

49 

1340 

1.6 X lO" 7 

113 

1470 

1.7 X lO" 7 

151 

1510 

1 . 8 X 10“ 7 

203 

1560 

2.0 X 10“ 7 

251 

1630 

1 . 1 X 10~ 7 


* Nagaoka and Honda. < 81 > 
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50 oersteds, then shortened slowly, reached the Villari point 
(original length) at about 225 oersteds, and continued to con- 
tract in stronger fields. The most noticeable effect of impurities 
was to decrease the rate of contraction thus increasing the field 
strength necessary for the Villari point. The maximum increase 
m length for rapidly cooled electrolytic iron was greater 
(6.21 X 10~ 6 at H = 56.4 oersteds) than for slowly cooled iron, 
but the Villari point was unchanged. 



Fig. 59. — Magnetostriction of electrolytic iron. {Schulze. 

The magnetostriction of a series of steels with carbon contents 
between 0.058 and 1.37 per cent was determined by Dorsey, (210) 
tKe field strength being carried to much higher values than were 
used by Schulze. The purest specimen used by Dorsey (reported 
impurities, 0.137 per cent) had a maximum increase in length 
per unit length of 3.45 X 10" 6 at H — 40 oersteds. At H = 1580 
oersteds the contraction was 8.05 X 10~ 6 . The Villari point 
occurred at about H = 230 oersteds. 

The influence of temperature on magnetostriction was inves- 
tigated by Honda and Shimizu, C116) as shown in Fig. 60. Bene- 
dicks C297) investigated the magnetostriction of iron which con- 
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Table 53. — Magnetostriction of Iron* 


Field strength, 

H, oersteds 

millionths 

Electrolytic iron 

Iron, 99.7 per cent 

Iron, 98.6 per cent 

5.6 

0.00 



11.3 

+0.58 

+1.44 

+ 1.44 

16.9 

2.80 



22.6 

3.87 

3.66 

3.50 

33.8 

4.36 

4.94 

4.73 

45.1 

4.40 

5.31 

5.14 

56.4 

4.36 

5.18 

5.18 

67.7 


4.94 

4.98 

84.6 

3.58 



90.2 


4.40 

4.90 

112.8 

2.88 

3.91 

4.69 

141.0 

2.14 

3.29 

4.40 

169.2 

1.36 

2.67 

4.03 

191.8 

0.70 



225.6 

0.00 

1.36 

3.09 

282.0 

-1.32 

0.00 

2.18 

310.2 

-1.89 



338.4 



-1.19 

1.44 

372.2 



0.82 

406.1 



0.29 

439.9 



-0.37 


* Schulze. (sos) 


tained 0.008 per cent carbon, 0.009 per cent manganese, 0.014 per 
cent silicon, a trace of sulphur, and 0.002 per cent phosphorus. 
He found that with increasing temperature above 400°C. (750°F.) 
the magnetostriction increased rapidly to a maximum at about 
500 to 550°C. (930 to 1020°F.), after which it decreased towards 
the temperature of the disappearance of ferromagnetism. Single 
crystals of iron not of high purity were investigated by Heaps, C513) 
Webster, (640) and Honda and Mashiyama. (669) Heaps noted that 
the magnetostriction varied with different crystal directions. 
Webster found that with fields up to H — 600 oersteds there was 
a continuing expansion for the tetragonal [1 0 0] axis, much 
greater than the maximum found in poly crystalline iron; for the 
trigonal [1 1 1J axis there was a continuing decrease in length, 
while for the digonal [110] axis there was increase in length 



Elongation , —? millionths 
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for weak fields followed by a decrease in length when magnetic 
saturation was approached. These results are shown in Fig. 61. 
The results on polycrystalline iron were a combination of the 
effects obtained for single crystals. The results of Honda and 
Mashiyama confirmed those of Webster. Akulov (756) derived 
values for the magnetostriction of single crystals of iron from 
theoretical considerations. These derived values were in agree- 
ment with the experimental results of Honda and Mashiyama. 

The phenomenon of magnetostriction has greater practical 
importance than the other mechanomagnetic effects as it is 
believed to be responsible for noise in electrical transformers and 
in loud speakers. 

G. GALVANOMAGNETIC AND THERM OMAGNETrC EFFECTS 

The various galvanomagnetic and thermomagnetic effects, 
like the mechanomagnetic effects, are without practical applica- 
tion, whatever their importance may be in the field of theoretical 
magnetism. 

If a plate of iron through which a current of electricity is 
passing is placed in a magnetic field so that the lines of magnetic 
force are at right angles to the plane of the plate and to the 
direction of flow of the current, one longitudinal and two trans- 
verse effects may be observed : 

1. A transverse galvanomagnetic potential difference, or a rotation of the 
equipotential lines, the Hall effect. 

2. A longitudinal galvanomagnetic potential difference, therefore, a 
change in electric resistance of the iron, sometimes called the Thompson 
effect. 

3. A transverse galvanomagnetic temperature difference, the Etting- 
hausen effect. 

If, instead of passing an electric current through an iron plate 
as for galvanomagnetic phenomena, a heat flow is established, 
that is, one end of the plate is kept at a higher temperature than 
the other, and the plate is placed in a magnetic field, four types 
of thermomagnetic phenomena may be observed : 

1. A difference of potential on opposite sides of the plate, the Nernst 
effect. 

2. A difference of potential at the ends of the plate. 

3. A difference of temperature on the sides of the plate, the Righi-Leduc 
effect. 

4. A change in the thermal conductivity of the iron. 
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135. The Hall Effect. — In the Hall effect, the transverse 
potential difference E is expressed by the equation : 


-E = R 


HI 
d ’ 


where R is the Hall coefficient, H the field strength, I the current 
in amperes, and d the thickness of the plate. Values for the Hall 
coefficient as determined by Smith (223) for Kahlbaum iron and 
by Alterthum (251) for Kahlbaum electrolytic iron are given in 
Table 54. Erey (329) determined the Hall effect in transformer 

plate. 


Table 54. — The Hall Effect in Iron 


Hall coefficient, R, 
thousandths 


Temperature, 

°C. 


-253 
-190 
- 79 
+ 18 
22 
100 
184 
300 
545 
654 
735 
796 
835 
900 


Smith (223 > 
for H = 17,000 


0.75 


11.0 

18.9 

29.2 

50.4 

167 

243 

319 

120 

32.8 

9.0 


Alterthum C251 > 
for H = 6,900 


1.99 

1.87 

5.25 

11.90 


136. The Thompson and Ettinghausen Effects. — The increase 
in the electric resistance of iron when magnetized longitudinally 
is sometimes called the Thompson effect as it was first observed 
by Thompson, (10) in 1856. Heising (305) found that this increase 
in resistance in longitudinal fields was slightly greater for electro- 
lytic iron than for ordinary soft iron. In transverse fields the 
resistance decreased with increasing field strength. Heaps (241) 
and others reported an initial increase in resistance in weak 
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transverse fields with a reversal and subsequent decreasing 
resistance with continued increase in field strength. The 
recent work of Stierstadt C945) with electrolytic iron of high purity 
confirmed Heising’s observation of a continual decrease in 
transverse fields. Stierstadt (90S) found that the change in 
resistance in longitudinal fields might be twice as great for 
electrolytic iron as for ordinary iron, and that the previous 



Fig. 62 . — Change in electric resistance of electrolytic iron in longitudinal and 
transverse fields. ( Stierstadt .(945,933)) 

thermal and mechanical treatments affected the amount of the 
change to a marked extent. In transverse fields, however, 
electrolytic iron showed less change in resistance than did iron 
containing impurities. The change in resistance of electrolytic 
iron in longitudinal and transverse fields is shown in Fig. 62. 

Webster (695i749) worked with single crystals of iron and found 
that in longitudinal fields there was no change along the [1 1 0] 
axis; for the [111] axis there was no change until a magnetic 
intensity of about 800 c.g.s. units was reached, the resistance 
thereafter increased with increasing field until magnetic saturation 
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was approached when the value A R/R tended to a limiting value 
of 0.40 per cent. For the [1 1 0] axis the change was similar 
to the [1 1 1] axis but with the limiting value of AR/R about 
0.28 per cent. In transverse fields there was always a gradual 
decrease in resistance for field strengths below 5000 gausses and 
above 12,000 gausses, but in the region between these two values 
there occurred a rapid change of resistance which was positive 
when the current was along a cubic axis but negative for the 
other two directions. 

The influence of temperature on the change in resistance in 
magnetic fields was investigated by Williams (137) who found that 
the change diminished with increasing temperature; the tempera- 
ture effect was more noticeable at high field intensities than at 
low. 

In the Ettinghausen effect the transverse temperature differ- 
ence ( AT) is expressed by the formula: 



where H is the field strength in oersteds, I is the current in 
amperes flowing through the plate, d is the thickness of the plate 
in centimeters, and P is the Ettinghausen coefficient. 

Values for the Ettinghausen coefficient, reported by 
Zahn (127,138) and by Hall and Campbell/ 2135 are given in Table 55. 


Table 55. — Ettinghausen Coefficient of Ikon 


Material 

Temper- 

ature, 

°C. 

Field 

strength, 

oersteds 

Ettinghausen 

coefficient, 

P 

Investigator 

Electrolytic 
iron 

18 

6290 

-0.57 X 10- 7 

Zahn (127> 

Steel 

20 


-0.67 X 10" 7 

Zahn (138) 

Soft iron 

12.2 

5000 

-0.492 X 10- 7 

Hall and Campbell* 2 * 3 ) 

Soft iron 

83.9 

5000 

-0.612 X 10- 7 

Hall and Campbell* 213 ) 


A longitudinal galvanomagnetic temperature difference, having 
the same relation to the Ettinghausen effect as the Thompson 
effect has to the Hall effect, has been observed for certain other 
metals, but Hall and Campbell C213) were unable to detect any 
longitudinal galvanomagnetic temperature effect in soft iron. 
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137. The Nernst Effect. — The potential difference E of the 
Nernst effect may be expressed by the equation 

B - 

where Q is the Nernst coefficient, H is the field strength, w is 
the width of the plate, and dt/dl the temperature gradient per 
unit length. Table 56 contains values found in the literature 
for the Nernst coefficient for iron. 


Table 56. — Nernst Coefficient for Iron 


Material 

Temper- 

ature, 

°C. 

Field 

strength, 

oersteds 

Nernst 
coefficient, 
Q. , thou- 
sandths 

1 

Investigator 

Wrought iron. . . 


626 

-1.62 

Nernst c 37) 

Wrought iron. . . 


1,620 

-1.5 

Nemst (37 > 

Soft iron 

48 

10,800 

-0.87 

Campbell (S03 > 

Electrolytic iron 

55 

6,290 

— 1.05 

Zahn (127) 

Soft iron 

31 

"5,550 

-0.86 

Hall and Campbell C2 135 

Soft iron 

60 

5,550 

-0.98 

Hall and Campbell** 13 * 

Electrolytic iron 

55 


-0.975 

Smith (448) 

Iron 

48.6 

2,100 

-1.0 

Unwin (296) 

Iron 

48.6 

22,650 

-0.91 

Unwin (296) 

Iron 

129.2 

2,000 

— 1.09 

Unwin (2965 

Iron 

129.2 

22,100 

-0.86 

Unwin (296) 

Steel 


880 

—0.627 

Nernst c 3 75 

Steel 


2,960 

-0.702 

Nernst (3 75 

Steel 

i 




-1.66 

Zahn< 133 > 


In addition to the potential difference found between the 
sides of a plate through which heat is flowing, when placed in a 
magnetic field, there is also a potential difference between the 
ends of the plate. This longitudinal potential difference E is 
expressed by the equation: 

E = LWd^ 
dl 

where L is the coefficient of the effect, H the field strength, d the 
distance between the two points across which the potential is 
measured, and dt/dl the temperature gradient per unit length. 
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Hall and Campbell 2 13) measured the effect on soft iron at 
47°C. (117°F.) and obtained the following values for L : 

Field strength, H , oersteds. 2,000 ,200 12,000 

Coefficient, L, thousandths . 2.11 0.83 0.80 

138. The Righi-Leduc Effect. — This effect is observed when 
an iron plate through which heat is passing is placed in a magnetic 
field with the field at right angles to the plane of the plate and the 
flow of heat. A temperature difference is observed between 
points on the opposite sides of the plate, which were isothermal 
before introduction into the magnetic field. The temperature 
difference, At, is expressed by the formula 

At = SHw~ 
dl 

where $ is the Righi-Leduc coefficient, H the field strength, 
w the width of the plate, and dt/dl the longitudinal temperature 
gradient per unit length. Values which have been reported for 
the Righi-Leduc coefficient of iron are given in Table 57. 


Table 57. — Righi-Leduc Coefficient for Iron 


Material 

Temper- 

ature, 

°C. 

Field 

strength, 

oersteds 

Righi- 
Leduc 
coefficient, 
S, mil- 
lionths 

Investigator 

Soft iron 

30.6 

5 , 600 

+0.568 

Hall and Campbell* 218 * 

Soft iron 

60.2 

5,500 

0.632 

I-Iall and Campbell* 213 * 

Soft iron 

48 

7,300 

0.608 

Campbell* 603 * 

Electrolytic iron 

56.9 

11,900 

0.392 

Smith and Smith* 338 * 

Electrolytic iron 


6,290 

0.39 

Zahn* 127 * 

Iron 



0.52 

Unwin* 296 * 

Steel 



0.687 

Zahn* 138 * 


Under the same conditions in which the Righi-Leduc effect 
is observed, there will also be found a change in temperature 
difference between the two ends of the plate, in other words, 
the thermal conductivity of iron changes upon magnetization. 
This change was investigated by Battelli,< 34 > Korda/ 88 > Schweit- 
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zer, (98) Blyth/ 113 ^ Lafay/ 117 > Hall and Campbell/ 213 ) and 
Brown. (769) The most recent work, that of Brown, showed a 
decrease of 1.14 per cent in the thermal conductivity of iron 
when placed in a longitudinal field of 10,000 oersteds. In a 
transverse field there was a decrease of 0.4 per cent for 4000 
oersteds field strength, but no measurable change in a field of 
8000 oersteds. 



Fig. 63. — Magnetization curves in the (1 1 0) plane of an iron single crystal. 
(Honda and KayaJ 667 )) 


H. MAGNETIC PROPERTIES OF SINGLE CRYSTALS OF IRON 

The factors which exert the most important effects on the 
magnetic properties of iron are those which affect the substance 
rather than the crystalline aggregate which constitutes the 
material. The importance of grain size, in the range of sizes 
ordinarily encountered in polycrystalline material, indicates the 
necessity for determinations of the properties of single crystals, 
to obtain information in regard to the fundamental magnetic 
properties of iron. The ultimate results of course will be 
obtained from single-crystal specimens of absolutely pure iron, 
when such specimens are available. The magnetic properties 
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of single iron crystals were investigated by Bech, C834) Webster/ 639) 
Honda and Kaya, (667) Honda, Kaya, and Masuyama, (668) Honda, 
Masumoto, and Kaya, (783) Gerlach, C612 ’ 663,664,S83,884) Dussler and 
Gerlach/ 706) Dussler, C771) Gries and Esser/ 831) Sizoo, CS60) and 
Kaya. cl009) 

Impure iron was used in the investigations of Beck, Webster, 
and Honda and his coworkers. Their results, although not 
directly applicable to pure iron, nevertheless are of value in 
regard to the magnetic characteristics of single crystals. Figure 
63 shows the results of Honda and Kaya (667) for the difference in 
magnetic effects in a single plane of a crystal when the measure- 
ments were made in the direction of different axes which lie 
within the plane. Gerlach (663) found that the hysteresis loss of 
single crystals of electrolytic iron was very low as compared with 
that of the same iron in the polycrystalline state. The magneti- 
zation curve was a straight line up to 13,000 gausses (H — 5 oer- 
steds). After a sharp bend the curve had the usual form of this 
type of curve. Table 58 shows Gerlaeh/s results for the residual 
induction of single-crystal and polycrystalline electrolytic iron. 

Table 58. — Residual Induction of Electrolytic Iron* 


Magnetizing 

field, 

oersteds 

(Relative) residual 
induction, gausses 

Single 

crystal 

Poly crystals 

2.5 

5 

12 

5 

7 

25 

10 

8 

41 

20 

9 

53 

50 

10 

74 

150 

10 

125 

250 

6 

130 

380 

4 

130 


* Gerlaeh..<*83> 

The results of Gerlach (884) indicated to him that, as was suggested 
by Yensen C590) at an earlier date, coercive force and hysteresis 
loss would be zero in a single crystal of iron which was chemically 
pure and free from internal tension. However, measurements 
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by Sizoo (860) on single crystals of high-purity iron showed that 
there was no increase in the size of the hysteresis loop for field 
strengths greater than about 15 oersteds and that the residual 
induction was the same as that of polycrystalline iron. Accord- 
ing to Kaya (1009) the retentivity of single crystals of iron is given 

by the expression 7 , °° , > where I is the saturation value 

of magnetization and l, m, and n are the direction cosines of the 
external fields as related to the cubical axes, or to their spacial 
coordinates. Hill (971) found that the magnetization curve of 
single iron crystals was linear for field strengths of less than 
2.0 oersteds, with no magnetic lag. The magnetization curve 
for fields up to 20 oersteds was non-linear except for the initial 
stage. The hysteresis loss which was present for field strengths 
between 2 and 20 oersteds increased with decrease in temperature. 
Ruder C1071) reported that the hysteresis loss of a single crystal of 
iron varied as much as 2:1 depending upon the orientation. 

Dussler and Gerlach C706) found that the saturation intensity for 
a single crystal of iron was 1710 + 8, at a field strength of 
between 600 and 800 oersteds for the digonal axes, and at 150 oer- 
steds for the tetragonal direction. The field strength for satura- 
tion in the tetragonal direction was : 


Temperature, °C 

20 

629 

680 

739 

H , oersteds 

150 

4.5 

3.5 

2.5 


The relation between saturation intensity and temperature for 
single crystals of iron with field parallel to the tetragonal axis 
was studied by Honda, Masumoto, and Kaya. (7S3) The value at 
absolute zero in the following data was obtained by extrapolation : 

Tempera- Absolute 

ture °C. zero -190 +5 107 215 300 400 500 600|700|750|770 
Saturation 

intensity | 1753 1741 1710|l679|l631 1590|l517 1409|l270|993|682|382 

The magnetization of single crystals of iron between 20°C. 
38°F.) and 755°C. (1390°F.) was investigated by Dussler. (771) 
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Some of his results are shown in Figs. 64 and 65. The saturation 
intensity decreased with rising temperature according to an 
exponential law and had about the same value for the digonal 
and the tetragonal axes but reached saturation in lower fields 
for the tetragonal direction. Following are the saturation 
intensities found: 


Digonal axis 


Temperature, °C 

20 

407 

631 

660 

682 

694 

715 

730 

739 

749 

Saturation intensity 

1709 

1534 

1200 

1111 

1068 

1006 

907 

835 

763 

691 


Tetragonal axis 


Temperature, °C 

20 

403 

409 

631 

679 

723' 

729 

735 

740 

i 

747 

756 

Saturation intensity 

1718 

1560 

1551 

1200 

1075 

861 

814 

704 

730 

649 

480 


I. AUTHORS’ SUMMARY 

The magnetic properties of iron are so dependent upon the 
amount and type of impurities present and upon the previous 
mechanical and thermal history of the material that there does 
not seem to be justification for presenting any particular set of 
values as characteristic of high-purity iron. Furthermore our 
knowledge of the effects of small amounts of impurities is not 
sufficient to permit prophecy as to the magnetic properties of 
pure iron. The anomalous effect of impurities is illustrated by 
the fact that hydrogen-treated ingot iron has magnetic proper- 
ties far superior to those of annealed electrolytic iron of greater 
purity. Yensen believes that the ferromagnetic property of 
iron is a function of (1) lattice distortion and (2) lattice orienta- 
tion, and that all of the contributing causes such as impurities, 
grain size, or thermal and mechanical treatments, can be com- 
bined under the general heading “Causes of Lattice Distortion. 7 ' 
Authorities on magnetic phenomena in iron quite generally 
agree that magnetic properties are properties of the substance 
rather than of the crystalline aggregates which comprise the 
material iron. Consequently the ultimate magnetic properties 
will be obtained in single-crystal specimens of absolutely pure 
metal. Opinions have been expressed that the coercive force 
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and hysteresis loss of a single crystal of absolutely pure iron 
would be zero and that the maximum permeability would be 
500,000 or more. The confirmation of these hypotheses awaits 
the preparation of single crystals of absolute purity. 

Up to the present time the magnetic properties of iron alloys 
have been more important for practical purposes than the 
properties of purified iron. The addition of substitutional 
elements such as nickel, cobalt, silicon, and manganese produces 
beneficial effects in iron alloys which can be duplicated in purified 
iron only by the removal of interstitial elements such as carbon, 
oxygen, nitrogen, and sulphur. The removal of these inter- 
stitial elements is a difficult process and has been attempted 
only on a laboratory scale. Future applications for magnetic 
purposes, of purified iron or of alloys made from purified iron, 
are subjects for interesting speculation. 



CHAPTER VIII 


MISCELLANEOUS PROPERTIES 

Density — C ompressibility — Optical Properties — Authors’ Summary 

In a review of existing information on the properties of high- 
purity iron, occasional references are encountered to what 
may be termed miscellaneous properties. The most important 
of these, density, compressibility, and optical properties, are 
summarized in this chapter. 

A. DENSITY 

Accurate knowledge of the density of a metal is of vital 
importance in matters of structural design, but a review of 
existing information shows clearly that the density of iron cannot 
be stated with the precision which would be desirable for so 
important a structural material. The density of a small sample 
can be determined with extreme precision, but the result applies 
only to that individual specimen, not to the material as a whole. 
For this reason some of the reported results of density deter- 
minations, in which five significant figures were given, have been 
rounded off in this review. 

139. Direct Determinations of Density. — The earliest value 
reported for the density of electrolytic iron, 7.324 g. per cu. cm., 
as determined by Houllevigue (74) in 1897, is also the lowest 
value found for high-purity iron. A difficulty encountered by 
Houllevigue, the formation of bubbles of hydrogen on the iron 
by reaction with the water, probably accounts for the low 
density which he obtained. A more probable value, 7.875 g. 
per cu. cm., was reported by Hegg (2U) in 1910 for melted 
electrolytic iron. Levin and Dornhecker (286) found that the 
density of unannealed electrolytic iron was 7.875 g. per cu. cm., 
and that annealing lowered it to 7.871. The density of electro- 
lytic iron, containing 0.035 per cent of determined impurities, 
was reported by Gumlich C387) as 7.878 g. per cu. cm. A density 
of 7.90 was reported by Tritton and Hanson (585) for electrolytic 
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iron containing 0,007 per cent phosphorus, 0.08 per cent oxygen, 
and traces of carbon, silicon, sulphur, and manganese. Austin 
and Pierce (1046) determined the density of four specimens of high- 
purity iron which were subsequently used in their investigation 
of the temperature of the As transformation. They found that 
the density of vacuum-melted electrolytic iron was 7.864 g. per 
cu. cm. at 26.8°C. (80°F.) ; of powdered carbonyl iron melted in 
moist hydrogen, 7.848 g. per cu. cm. at 23.8°C. (75°F.); of some 
of the same powdered carbonyl iron sintered in moist hydrogen 
at 1500°C. (2730°F.) for 18 hr., 7.856 g. per cu. cm. at 25.2°C. 
(77°F.); and of a carbonyl-iron plate, 7.877 g. per cu. cm. at 
24.1°C. (75°F.). The density of the latter plate was not affected 
by 47 hours 7 treatment in hydrogen at 1500°C. 

The density of open-hearth ingot iron was reported by 
0 7 Neill (575) as 7.858 g. per cu. cm. at 20°C. (68°F.), by Ishigaki C671) 
as 7.868, and by Tamaru C863) as 7.887 g. per cu. cm. The results 
of Cross and Hill (703) for two electrolytic irons and two high- 
purity commercial irons were : 


Sam- 

ple 

No. 

Material 

Composition, per cent 

Density 
at 20°C., 
g. per cu. cm. 

C 

Mn 

P 

s 

Si 

Cr 

171 

Vacuum-fused electrolytic iron, 









hot rolled. 

0.001 



0.011 

0.004 


7 . 869 

914 

Vacuum-fused electrolytic iron . . 

0.01 

0.09 

0.020 

0.007 

0.01 


7.867 

F77 

Pure commercial iron, annealed 









at 775°C. (1425°F.) 

0.027 



0.023 

0.003 

0.055 

7.855 

VI 

Pure commercial iron, annealed 







at 900°C. (1650°F.) j 

0.017 






7.865 









Av. 7 . 864 


Cross and Hill's value, 7.869, for their sample 171, was cited by 
Heindlhofer C566) and is credited to him in Abegg's Handbook. (914) 

The density of commercial electrolytic iron was reported by 
Fuller (662) as 7.899 g. per cu. cm. Kaya (786) reported the density 
of a single crystal of iron as 7.870 g. per cu. cm., greater by 
0.037 per cent than the density of the same iron in the poly- 
crystalline condition. 

Selected values for the density at room temperature, deter- 
mined by direct measurement, are given in Table 59. 
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Table 59. — Density of Iron at Room Temperature, by Direct 
Measurement 


Investigator 

Year 

Density, 
g. per cu. cm. 

Electrolytic iron 


Hegg C214) 

1910 

7.875 

Levin and Dornhecker (28fi: > . . . 

1914 

7.871 

Gumlich C387) 

1918 

7.875 

Tritton and Hanson (585> 

1924 

7.90 

Cross and Hill (703 > 

1927 

7.869 

Cross and Hill (703) 

1927 

7.867 

Austin and Pierce (1046) 

1934 

! 

7.864 

Av. 7.874 

Carbonyl iron 


Austin and Pierce* 1046) 

1934 

7.848 

Austin and Pierce* 1 046) 

1934 

7.856 

Austin and Pierce* 104G > 

1934 

7.877 

Av. 7.860 

Ingot 

iron 


0’Neill* 575 > 

1924 

7.858 

Ishigaki* 6715 

1926 

7.868 

Cross and Hill* 7G3 > 

1927 

7.855 

Cross and Hill* 703) 

1927 

7.865 

Av. 7.861 


140. Density by Extrapolation. — Several investigators have 
derived values for iron by extrapolating to zero content of 
alloying element the densities of a series of iron alloys. Values 
so obtained, for room temperature, are given in Table 60. 

141. Density from Lattice Constant. — The density of a metal 
with body-centered cubic lattice can be calculated from the 
lattice constant a 0 by means of the following equation: 


Density — 


2 X mass of atoms 
(a 0 X 10- 8 ) 3 




2 X 55.84 X 1.65 X 10” 24 


(a 0 X 10“ 8 ) 3 


For iron the density 
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Table 60. — Density of Iron by Extrapolation 


Investigator 


Benedicks (119) 

Gumlich C387) 

Andrew and Honeyman (541) 
Ishigaki (671) 



Density at 

Year 

room temperature, 


g. per cu. cm. 

1904 

7.85 

1918 

7.876 

1924 

7.864 

1926 

7.880 


Av. 7.868 


The lattice constants reported by several investigators have 
been used to obtain the values in Table 61 for the density of iron. 

Table 61. — Density of Iron Computed from the Lattice Constant 


Investigator 

Year 

Lattice 

constant, 

Density, g. 


A. 

per cu. cm. 

Davey< ssi > 

1924 

2.861 

869 

Heindlttofer C566 > 

1924 

2.864 

844 

Wever (587) 

1924 

2.863 

852 

Davey^ 6025 

1925 

2.855 

918 

Blake (595) 

1925 

860 

874 

Brill and Mark (76S) 

1928 

863 

852 

Eisenhut and Kaupp C773 >, 

1928 

863 

852 

Mayer (84S) 

1929 

861 

869 

Esser and Muller (997) .... 

1933 

2.861 

866 




Av. 7.865 


142. Density of Iron above 100°C. — The density of iron at 
elevated temperatures can be calculated by means of the linear 
coefficient of expansion (3, assuming the volume coefficient to 
be three times the linear coefficient, by means of the equation 

7 } 

1 + 3/302 — ti) 

where D 2 and D t are the densities at temperatures t 2 and ti, 
respectively. Using the thermal expansion data of Souder and 
Hidnert C490) and of Austin and Pierce, C1046) with 7.87 g. per cu. cm. 
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as the density of iron at 25°C., the following values are obtained 
for the density at elevated temperatures: 


Temperature 

Density, 
g. per cu. 

cm. 

°C. 

°F. 

100 

210 

7.85 

200 

390 

7.82 

300 

570 

7.78 

400 

750 

7.74 

500 

930 

7.71 

600 

1110 

7.67 

700 

1290 

7.63 

800 

1470 

7.59 


Values for the density of alpha, gamma, and delta iron have 
been calculated by Ralston* from the thermal-expansion data 
of Honda (370) and of Sat6. (630) Ralston’s values rounded to four 
significant figures, are: 


Modification 

Temperature 

Density, g. 


°c. 

°F. 

per cu. cm. 

Alpha 

906 

1663 

7.571 

Gamma 

906 

1663 

7.633 

Gamma 

1400 

2552 

7.408 

Delta 

1400 

2552 

7.390 

Delta 

1535 

2795 

7.355 



More precise values for the volume changes at the transformation 
points are necessary before densities derived from thermal-expan- 
sion data for temperatures above Acz can be accepted as more 
than approximations. 

Densities of alpha and delta iron can be derived from the 
lattice constants by means of the equation previously given. 


Reference 853, pp. 172-182. 
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Substitution of the a 0 values of Westgren and Phragmen< 493) in 
the equation give the following: 


Modification 

Temperature 

Lattice con- 
stant, A. 

Density, g. 
per cu. cm. 

°C. 

°F. 

Alpha 

800 to 825 
1425 

1472 to 1517 
2597 

2.90 

2.93 

7.55 

7.32 

Delta 



143. Density of Molten Iron. — The values reported for the 
density of molten iron are given in Table 62. Ralston's value 
was calculated* from the thermal-expansion data of Sat6 (630) for 
solid iron and the data of Honda and Endo <721) for the volume 
change at the melting point. 

Tajsle 62. — Density of Molten Iron 




Temperature 


Investigator 

Year 


Density, g. 



0 

p 

o 

4 

per cu. cm. 

Roberts and Wrightson (32 > . . . . 

1883 

m.p. 

6.88 

Benedicks, Berlin, and Phrag- 




men< 547 > 

1924 

m.p. 

6.92 ± 0.07 

Berlin (652) 

1926 

1530 2785 

7.45 

Berlin^ 525 

1926 

1530 2785 

7.38 

Berlin (652 > 

1926 

1670 3040 

6.95 

Berlin <852) 

1926 

1670 3040 

6.94 

Ralston (8 5 3) 

1927 

1535 2795 

7.10 

Benedicks, Ericsson, and Eric-| 




son (sl7 > 

1930 

1533 2790 

7.23 

Benedicks, Ericsson, and Eric-j 




son (s 175 

1930 

1600 2910 

7.16 


144. Summary of Density Data. — The averages of the selected 
values for the density of iron at room temperature by the three 
methods are: 

Direct determination 7.867 g. per cu. cm. 

By extrapolation 7.868 g. per cu. cm. 

From lattice constant 7.865 g. per cu. cm. 


Average ........ 

* Reference 853, p. 178. 


7.867 g. per cu. cm. 
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In view of the considerable range of values used in obtaining 
the above averages (7.847 to 7.93 g. per cu. cm.) a rounded value 
of 7.87 g. per cu. cm. is suggested as a probable value for the 
density of pure iron at room temperature. 

Values for the density of iron at elevated temperatures are 
based upon thermal-expansion data and for temperatures above 
the A 3 point are unsatisfactory because of lack of reliable data 
for the volume changes at the transformation points. 

Of the reported values for the density of molten iron those 
of Benedicks, Ericsson, and Ericson C817) seem to be the most 
probable. 


B. COMPRESSIBILITY 

The cubic compressibility of wrought iron was reported by 
Richards and Brink (165) as slightly more than 10 per cent of the 
compressibility of mercury. Subsequently, Richards c 3 3 4) gave a 
corrected value of 0.60 X 10~ 6 per bar or 0.61 X 10~ 6 per atmos- 
phere for the compressibility of iron at 20°C. between 100 and 
500 bars pressure ; the corrected value was based on a new calibra- 
tion of his Bourdon gage and on a new determination, 3.95 X 
10~ 6 per bar, of the compressibility of mercury. Gruneisen (176) 
calculated the cubic compressibility of iron, from elastic con- 
stants, as 0.62 X 10 -12 in c.g.s. units or 0.63 X 10~ 6 per atmos- 
phere at 18°C. He (212) also determined the compressibility of 

iron by the method of Malloch, measuring the deformation of a 
tube under internal pressure. The values obtained were: 


Temperature, °C 

-190 

18 

128 

165 

Compressibility, sq. cm. per kg. X 10 6 
Compressibility per atmosphere X 10 6 

0.606 

0.626 

0.633 

0.654 

0.664 

0.686 

0.675 

0.698 


The outstanding work on the compressibility of iron is that 
of Bridgman C463) on Armco iron. He determined the linear 
compressibility and from this calculated the cubic compressibility 
on the assumption that the linear compressibility is equal in all 
directions, a plausible assumption for a metal which crystallizes 
in the cubic system. Bridgman found that the change in volume 
produced by any pressure p, in the pressure range 0 to 12,000 kg. 
per sq. cm., could be expressed by the equations: 
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At 30°C. 
At 75°C. 


af 

y 0 

AV 

Vo 


-0.587 p X 10~ 6 + 2.1 p 2 X 10“ 12 
— 0.593p X lO" 6 + 2. Ip 2 X 10- 12 


If p is expressed 
At 30°C. 

At 75°C. 


in normal atmospheres, the equations become 

4^ = — 0.606y> X 10~ 6 + 2.2 p 2 X 10- 12 

V o 

4^ = -0.613 p X 10~ 6 + 2.2p 2 X 10- 12 

V o 


At 30°C. the mean compressibility between 0 and 10,000 kg. 
per sq. cm. was 0.566 X 10 -6 per kilogram per square centimeter 
or 0.585 X 10~ 6 per atmosphere; at 75°C. over the same pressure 
range it was 0.572 X 10~ 6 per kilogram per square centimeter or 
0.591 X 10~ 6 per atmosphere. The pressure coefficient of com- 
pressibility for the range of pressure used by Bridgman was 
7.0 X 10~ 6 per kilogram per square centimeter or 7.2 X 10~ 6 per 
atmosphere. The temperature coefficient of compressibility 
calculated from the above equations was 2.3 X 10~ 4 per degree 
centigrade for the temperature range 30 to 75°C. Bridgman 
observed that increase in impurities increased the compressibility 
of iron. 

Only one determination of the compressibility of a specimen 
of high-purity iron has been found. This was a comparison, 
by Adams,* of the compressibility of a specimen of Yensen 
iron with that of a specimen of Bessemer steel. The compressi- 
bilities of the two specimens, at pressures of 0 and 7000 kg., were 
almost identical (within 1 part in 500), which indicates that the 
compressibility of iron is not materially affected by an increase 
in purity. 


C, OPTICAL PROPERTIES 

Two of the optical properties of iron, reflectivity and emissiv- 
ity, are important in the field of pyrometry. Reflectivity is the 
relation between the amount of radiant energy which is reflected 
from a surface and the amount of energy which was incident to 
the surface. Emissivity is a measure of the radiant energy of an 

* Private communications from Dr. L. H. Adams of the Geophysical 
Laboratory, Carnegie Institute of Washington, and from Dr. John Johnston 
of the Research Laboratory, United States Steel Corporation. 
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object in comparison with the radiant energy emitted by a black 
body at the same temperature. 

145. Reflectivity. — Values for the reflectivity of iron have 
been reported by Rubens, (46) Rubens and Nichols, <77) Trow- 
bridge/ 8 ^ and Coblentz. C233) Only Coblentz has given informa- 
tion regarding the composition of the material used, which he 
stated had an iron content of 99.8 per cent. Results from the 
four investigations are given in Fig. 66. 



Wave length, microns 
Fig. 66. — Reflectivity of iron. 


146. Emissivity. — Emissivity is the ratio between the amounts 
of radiant energy emitted by an object, for example iron, at a 
particular temperature and by a black body at the same tempera- 
ture. Emissivity corrections must be applied to all optical 
pyrometric observations on objects which do not conform 
strictly to the laws of black-body radiation, as the calibration of 
pyrometers is based on the black-body laws. Emissivity varies 
with different wave lengths of light, consequently corrections 
may be applied for total emissivity or for any one of a number 
of spectral emissivities. If a radiation pyrometer is used, a 
correction for total emissivity must be applied; for optical pyrom- 
eters a correction for the emissivity at an effective wave length 
of about 0.65/x ordinarily is used. 
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Relatively few determinations of the emissivity of high-purity 
iron have been reported. Bidwell (268,29S) reported emissivity 
values of from 23 to 63 per cent, depending on the temperature, 
on what may have been originally a relatively pure iron. How- 
ever, the source of heat was an arc between carbon electrodes; 
a carbon cup, for black-body measurements, floated on the 
surface of the liquid iron and a carbon rod remained in the iron 
during solidification to produce a hole for black-body measure- 
ments on the solid iron. It is quite certain that the measure- 
ments were made on an iron which was impure at least with 
respect to carbon. Bidwell's two sets of values are neither in 
agreement with each other nor with the results of Burgess and 
Waltenberg. (327) The latter determined the relative emissivity 
for 0.65^ of high-purity iron by means of the micropyrometer and 
obtained the following average values: 


State 

Temperature, 

°C. 

Emissivity, 
per cent 

Solid 

1050 

37.9 


1350 

37.2 


1450 

36.3 


1530 

36.0 

Liquid 

1535 

36.5 



Av. 36.8 


The rounded value 37 per cent has been generally accepted as 
the best available for both solid and liquid high-purity iron. 

Owing to the industrial importance of pyrometric control in 
many phases of the steel industry, a large number of determina- 
tions has been made of the emissivity of iron and steel of com- 
mercial purity, under conditions of plant operation. -Such 
determinations usually were made on liquid steel which contained 
slag and various floating objects, or on solid iron or steel in the 
course of hot-working operations, while the surface of the metal 
was covered with a scale of iron oxide. Detailed discussion of 
these results does not belong in a monograph on the properties 
of high-purity iron; suffice it to say that emissivities between 
40 and 45 per cent, for liquid metal or for solid metal with a 



MISCELLANEOUS PROPERTIES 


279 


bright surface, and as high as 90 per cent, for solid metal with 
an oxidized surface, have been reported. 

147. X-ray Absorption. — Data on the X-ray absorption of 
iron were summarized by Compton, (655) who also selected values 
based on averages of the available data. Additional values were 
reported by Martin (622) and have been added to Compton's 
data, in Table 63. 

Table 63 . — X-Ray Absorption for Iron* 


Wave 

length, 

microns 

Investigator 

Comp- 

ton’s 

selected 

values 

Allen 

( 540 , 646 , 617 ) 

Hewlett 

( 435 ) 

Ahmad 

( 639 ) 

Ishino 

( 376 ) 

Richt- 

myer 

and 

W arbur- 
ton( 530 > 

Bragg 

and 

Pierce 

( 299 ) 

Martin 

( 622 ) 

Barkla 

( 228 ) 

0.017 



0.0575 

0 . 0632 





0.058 

0.057 









0.08 

0.080 

0.232 








0.232 

0.100 

0.275 








0.265 

0.125 

0 . 404 

0.399 



0.39 




0.399 

0.150 

0.580 

0.585 



0.55 




0.572 

0.175 

0.79 

0.82 



0.77 




0.79 

0.200 

1.07 

1.06 



1.06 




1.07 

0.250 

1.98 

1.88 



1.90 




1.93 

0.300 

3.30 

3.09 



3.15 




3.18 

0.350 

5.02 

4.77 







4.94 

0.400 

7.25 

7.02 







7.17 

0.500 


13.90 




15.2 



14.3 

0.600 


22.6 




24.3 



23.3 

0.700 

36.7 

35.3 





36 + 


36.3 

0.800 


50.7 





53 + 


51.7 

0.900 

70 

68.2 




68.0 

74+ 


69.6 

1.00 

102 

90.2 




93 

93 + 


95.0 

1.10 

131 





125 

130+ 

121 

126 

1.32 

230 





205 

215+ 


220 

1.40 

270 






250+ 

268 

270 

1.54 







316+ 



1.66 







416 + 



1.76 

57 







67 

60 

1.93 







68.8+ 

66 

67 

2.25 








104 

104 


* Compton. (655) 

f Not included in Compton’s selected values. 


D. AUTHORS’ SUMMARY 

The rounded value of 7.87 g. per cu. cm. appears to be the 
best present approximation for the density of iron at room 
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temperature. A greater number of significant figures can be 
given for the result of a single determination, but such precise 
determinations apply only to small, individual specimens. This 
rounded value for the density at room temperature is a summation 
of results obtained by direct determination, by extrapolation, 
and by computation from X-ray data for the lattice constant. 
The available data do not justify selection of probable values for 
the density of iron at elevated temperatures. 

The compressibility of iron at 30°C. (85°F.) and at 75°C. 
(16o°F.) for a range of pressure from 0 to 12,000 kg. persq. cm., 
is shown by the data of Bridgman. (463) 

The emissivity of both solid and liquid iron of high purity is 
about 37 per cent; available information in regard to the reflectiv- 
ity and X-ray absorption of iron is summarized in Fig. 66 
(p. 277) and Table 63 respectively. 



CHAPTER IX 


CHEMICAL PROPERTIES 

Electrochemical Properties — Atmospheric and Gaseous Corrosion — 
Corrosion in Aqueous Solutions — Underground Corrosion — Effect of 
Impurities and Added Elements — Authors’ Summary 

From the metallurgist's point of view the most important 
chemical reactions which involve iron are those which are con- 
cerned with the permanence or lack of permanence of the metal. 
The reactions vary with the conditions of exposure but any 
attack on or deterioration of the iron may be broadly classed as 
corrosion. Consideration in this chapter is limited to the 
corrosion of iron in the atmosphere, in gases, in aqueous solutions 
and underground, and to the effect of impurities and added 
elements upon such corrosion. Before proceeding to this dis- 
cussion, it is first necessary to view briefly the important facts 
on the electrode potential of iron and on overvoltage and 
passivity. 


A. ELECTROCHEMICAL PROPERTIES 

The electrode potential of a metal is a measure of the tendency 
of that metal to go into solution with the formation of ions, i.e 
to participate in chemical reactions. The tendency varies from 
a relatively high value for the alkali and alkaline earth metals 
to exceedingly small values for the noble metals such as gold 
and platinum. The escape of positively charged ions from the 
metal to the solution sets up a potential difference, between the 
negatively charged metal and the positively charged solution, 
which is proportional to the number of ions evolved. These 
potential differences, or rather the reverse potential differences 
which must be applied to prevent the solution of the metal, can 
be measured with reference to a standard such as the hydrogen 
or calomel electrode. The results of such determinations make 
it possible to arrange the metals in order of their decreasing 

281 
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tendencies to go into solution, approximately as follows: potas- 
sium, sodium, barium, strontium, calcium, magnesium, aluminum, 
manganese, zinc, chromium, iron, cadmium, cobalt, nickel, lead, 
tin, hydrogen, bismuth, copper, antimony, arsenic, mercury, 
silver, palladium, platinum, gold, silicon, tantalum, tellurium, 
boron, tungsten, molybdenum, vanadium. 

148. The Position of Iron in the Electrochemical Series. — 
In such a series any metal should displace from solution any other 
metal lower in the series, or if a pair of metals is connected 
together and immersed in an electrolyte, the less noble metal 
should dissolve preferentially and thereby protect the more 
noble metal from attack. This is generally true, for example 
zinc protects iron from corrosion. Lead, however, can protect 
iron only through its action as an unbroken envelope (if the 
envelope is broken to expose iron to the electrolyte, intensified 
corrosion of the iron will result due to the cathodic action of lead 
to iron). However, the position in the series of several of the 
metals may be radically altered by factors such as passivity, 
hydrogen overvoltage, or ionic concentration. For example, 
passive iron behaves as a more noble metal than is indicated by 
its position in the series. The electrode potential of a metal 
depends upon the concentration of metal ions in solution, hence 
the change from a strong to a weak electrolyte in general lowers 
algebraically the electrode potentials of all metals, due to the 
decreased ionization of the solutions. The decrease in potential 
is inversely proportional to the valence for equal changes in 
metal-ion concentration and depends upon the specific ionization 
of metal salts; therefore, it is not necessarily the same for all 
metals. 

Instances of variations or reversals of the usual electrochemical 
relations of pairs of metals have long been known. Friend C235) 
stated that Avogadro in 1823 drew attention to the fact that when 
bismuth and iron are connected to a galvanometer and then 
plunged into concentrated nitric acid there is a deflection first in 
one direction and then in the other. In dilute nitric acid the 
same original deflection occurs and persists, without subsequent 
reversal. These results apparently are due to passivity phe- 
nomena at the surface of one or both of the electrodes. Varia- 
tions in solution tension at different points on the surface of a 
piece of iron, due to stresses at the surface or to irregularities in 
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composition, can often be demonstrated by means of the ferroxyl 
reagent. C209) 

According to the usual order of the electrochemical series, 
cadmium, lead, and tin are all cathodic to iron, yet Evans C778) 
found that cadmium was always anodic to iron in distilled water, 
tap water, M/10 sodium sulphate and M/10 sodium chloride 
solutions; lead was slightly anodic to iron in distilled water, 
and was variable in the other media depending on factors such 
as time and aeration; even tin was slightly anodic to iron when 
freshly immersed in distilled or tap water. The difference 
between the practical behavior of metallic couples and the 
behavior which might be anticipated from their positions in the 
ordinary electrochemical series was discussed by Pawdon/ 8025 
who found that chromium did not furnish electrochemical protec- 
tion for iron, but, probably on account of passivity, behaved as a 
neutral coating which neither inhibited nor accelerated corrosion. 
Aluminum behaved much like chromium. Cadmium plugs 
inserted in blocks of electrolytic iron and steel were deeply etched 
in sodium chloride solution” indicating that under the conditions 
of these experiments cadmium was definitely anodic to iron, not- 
withstanding their positions in the electrochemical series. The 
relative positions of cadmium and iron have long been a subject of 
controversy as has the relation of iron and tin. (729 > 790 ’ 791 > 795) 
Predictions regarding behavior under corroding conditions should 
be based on an electrochemical series determined for those 
specific conditions. 

The single potential of a metal cannot be measured directly 
but must be determined with reference to another electrode. 
Although the absolute value of the solution pressure of iron cannot 
be calculated or determined/ 545 ' 7005 the value with reference to 
the hydrogen electrode can be measured. The fact that the 
solution pressure is definitely greater than that of hydrogen, 
irrespective of the absolute values, is the important point from 
the aspect of corrosion of ferrous materials. 

149 . Electrode Potential of Iron. — As might be expected, 
early determinations of the solution potential of iron, with respect 
to a standard electrode, yielded variable results depending upon 
the composition of the iron and upon experimental conditions 
such as the ionic concentration. To avoid the latter difficulty 
it is customary to express results in terms of a normal concentra- 
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tion of ions, computing this value from observations made with 
dilute solutions. The variation of potential with the concentra- 
tion of the solution is illustrated for both hydrogen and iron by 
experimental results reported by Evans (554) as follows: 


Normality 

N 

N/10 

j N/100 

N/1000 

N/10,000 

Iron, F 

—0.34 

—0.37 

-0.40 

-0.43 

—0.46 volt 

Hydrogen, H + 

0.000 

-0.058 

-0.116 

-0.174 

— 0 . 232 volt 





Evidently iron is anodic to hydrogen over a wide range of 
concentrations. 

The International Critical Tables (834) adopted the value 
— 0.44 volt (referring to the normal hydrogen electrode) for the 
equilibrium electrode potential of iron at 25°C. in contact with a 
solution containing a normal concentration of ferrous ions. 
This value, accredited to the work of Lewis and Randall, was 
substantiated by Hampton/ 6 65) 

The effect of tensional and torsional stresses on the potential 
of Swedish charcoal iron was reported C169) to be very slight 
although in some instances the potential of the strained metal 
was slightly lower (more anodic) than that of the unstrained 
material. The potential of highly purified iron in a solution of 
ferrous sulphate was found to be altered only slightly by applica- 
tion of a magnetic field but a trace of ferric ions had a pro- 
nounced effect. (577) A study C896) of the effect of hydrogen-ion 
concentration on the electrode potential, of iron (0.18 per cent 
total reported impurities) led to the conclusion that, in solutions 
of potassium chloride or potassium phosphate, the change of 
potential with pH was not continuous. Another investiga- 
tion^ 7 ^ indicated that, in the presence of various anions, variation 
in pH from 1.00 to 6.95 resulted in irregular variation of the 
potential of a soft iron anode. The tendency of some of these 
anions to induce passivity phenomena perhaps influenced the 
results, as a recent investigator C985) concluded that the potential 
of electrolytic iron, in a 1 per cent solution of sodium sulphate, 
is a function of the pH, becoming more negative (more cathodic) 
when the pH is increased. Bodforss, C960) using carbonyl iron, 
also concluded that the potential of iron in aqueous solutions and 
at ordinary temperatures was a straight-line function of thq 



CHEMICAL PROPERTIES 


285 


hydrogen-ion concentration, and Liebrich (975) found a similar 
relation in solutions of hydrochloric acid. Travers and Aubert (9S5) 
also cited experiments to show the effect of occluded hydrogen 
on the potential of electrolytic iron. Lochte and Paul ci015) 
reported that the potential of iron varies with the size of the 
electrode, the concentration of oxygen, the amount of stirring, 
and with the presence of anions such as Cl' and PO4'". 

Working with both single-crystal and poly crystalline iron, 
Iwase and Miyazaki C7S5) observed interesting time-potential 
relations. The single-crystal specimen and a coarse-grained 
poly crystalline specimen were of the same stock which contained 
the following percentages of impurities: 0.40 per cent manganese, 
0.021 per cent sulphur, 0.021 per cent phosphorus, and a trace of 
silicon; it contained no carbon. The specimens were immersed 
in N/10 solutions of ferrous ammonium sulphate and were 
connected to a N/10 calomel electrode which served as the zero 
of reference. The results showed that the potential of the single 
crystal rose rapidly to a maximum value ( — 0.728 volt) and 
thereafter remained constant. On the other hand, the potential 
of a polycrystalline electrode of the same iron rose rapidly to 
about the same maximum value ( — 0.726 volt) but after reaching 
the maximum fell off rapidly with increasing time. Iwase and 
Miyazaki regarded the final value obtained from the single crystal 
as the true potential for this iron and solution, measured against 
a calomel electrode. The initial rise in the curves was ascribed 
to solution of the electrodes in reaching equilibrium with the 
electrolyte; the subsequent fall in the curve' for poly crystalline 
metal was ascribed to contamination of the surface of the speci- 
men. However, Endo and Kanazawa (924) in similar experiments 
found that the potential of poly crystalline iron rose to a maximum 
value and subsequently remained constant, as did single-crystal 
iron. Their results against a normal calomel electrode were as 


follows : 

Potential of a single crystal of iron —0.689 volt 

Potential of electrolytic iron —0.691 volt 

Potential of Armco iron — 0.693 volt 


Aitchison C343) found that the solution pressure of iron crystals 
(in steel) varied with their orientation. In discussion of Aitchi- 
son’s paper, Stead confirmed Aitchison’s conclusions wuth the 
statement that for any aggregation of iron crystals in dilute 
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nitric acid, copper ammonium chloride, etc., the crystals with, 
cube faces parallel to the surface had the lowest solution potential, 
i.e ., were cathodic to other orientations. 

150 . S ummar y of Data for the Electrode Potential of Iron. — 
The solution pressure of iron is greater than that of hydrogen, 
i.e., iron tends to dissolve in and to displace hydrogen from 
aqueous solutions. A measure of this tendency can be expressed 
only with reference to a standard electrode such as the hydrogen 
electrode. Recent work indicates that the single potential of 
iron, in contact with a solution which is normal in respect to the 
concentration of ferrous ions, is — 0.44 volt, referred to the normal 
hydrogen electrode. 

The magnitude of the solution potential is affected by the 
concentration of hydrogen, ferrous, and ferric ions, and by the 
presence of certain anions, but is not affected to an appreciable 
extent by tensional or torsional stresses or by the presence of a 
magnetic field. The solution potential of iron varies with the 
orientation of the crystal; the cube faces have the least tendency 
to dissolve and consequently are cathodic to other orientations. 

151 . Overvoltage. — The composition and physical condition 
of either anode or cathode, or both, frequently affect the potential 
necessary to maintain an electrochemical reaction. For example, 
hydrogen can be deposited at a lower voltage on an electrode of 
platinized platinum than on other metals, including smooth 
platinum. Similar conditions are encountered at the anode in 
the deposition of anions such as oxygen. C858) Metallic ions in 
general are less subject to overvoltage phenomena than are the 
gaseous ions. The definition commonly employed (980) for over- 
voltage is as follows: Overvoltage of a gas upon a specified 
electrode is the polarization involved in the evolution of that gas 
on that electrode at a specified current density. 

Overvoltage is due to the effect of the electrode on the reaction 
by which electrically charged ions give up their charges to the 
electrode and are converted into neutral atoms or molecules, or on 
the reverse reaction which converts neutral atoms or molecules 
into charged ions. In the case of hydrogen, overvoltage is due 
to polarization by electrically neutral monatomic hydrogen. C700 > 
Hydrogen is evolved as gas or dissolved by the solution only as 
the infinitely small amounts of monatomic hydrogen, presumably 
adsorbed on the surface, react to form molecular hydrogen. 
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The cathodic overvoltage of iron has been shown to be a small 
but appreciable factor since it required 0.64 to 0.65 volt to 
deposit iron at ordinary temperatures on platinum or mercury 
cathodes. (101) This deposition potential is approximately 0.2 volt 
greater than the electrolytic solution potential, i.e ., the over- 
voltage of iron at platinum or mercury electrodes is approxi- 
mately 0.2 volt. 

There are practically no data available in regard to the effect 
of temperature on the overvoltage of iron. Ghosh C369) concluded 
that the phenomenon of overvoltage in an aqueous solution 
disappeared at 96°C. 

The overvoltage of hydrogen increases with increasing current 
density (518 ’ 8S5) but is not affected by changes in pressure. C834) 
Data regarding the effect of these factors on the overvoltage of 
iron have not been encountered. The approximate overvoltage 
of hydrogen at the surface of iron and other metallic cathodes at 
low current densities is shown in Table 64. These data were 
obtained by Evans ; (659) the results of other investigators, for 
example Knobel, (518) usually place the metals in the same order, 
but the numerical values vary with the experimental conditions. 

Tajble 64. — Approximate Overvoltage of Hydkogen on Different 
Cathode Materials* 

Cathode Material Approximate Overvoltage, Volts 

Platinum (blackened) Very small 

Platinum (bright) 0.1 

Gold 0.02 

Iron About 0.05 in alkali; in acid solu- 

tion it seems to be distinctly 
higher, probably about 0.2 volt 

Silver 0.1 

Nickel 0.15 

Copper 0.25 

Cadmium 0.5 

Tin 0.5 

Lead (smooth surface) 0.6 (smaller for spongy lead) 

Zinc 0.7 

Mercury 0.8 

* Evans. Cess) 

152. Summary of Overvoltage of Iron. — The overvoltage of 
metals in general is small. For iron it is perhaps 0.2 volt at room 
temperature and decreases with increasing temperature to a 
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minimum at about 95°C. (205°F.). However, overvoltage is one 
of the factors to be considered in the selection of operating 
temperatures for the production of electrolytic iron. 

The overvoltage of hydrogen at the surface of iron is only a 
fraction of a volt in acid solution and is even lower in alkaline 
solutions. However, even these small values may have a decided 
influence on the course of corrosion. 

153. Passivity of Iron. — The passive state, produced in a 
metal by previous exposure or treatment, causes it to behave as 
a more noble metal; it is more resistant to solution and to corrod- 
ing media than would be expected from its normal position in 
the electrochemical series. 

The phenomenon of passivity in iron has long been recognized. 
One of the first observations was ascribed (362) to Kier, who in 
1790 noted the passivity of iron in concentrated nitric acid. 
Many other solutions, in addition to nitric acid, may develop 
passivity in iron immersed in them, for example, solutions of 
silver nitrate, lead nitrate, mercuric nitrate, potassium perman- 
ganate, potassium dichromate, chloric acid, chromic acid, arsenic 
acid, sulphuric acid containing nitrous oxide, copper potassium 
tartrate, and ammoniacal copper solutions. Iron is frequently 
rendered passive by anodic treatment. It may be induced by 
exposure to compressed nitric oxide or to the vapors of strong 
nitric acid, and a certain degree of passivity, at least for the purer 
forms of iron, results from exposure to the oxygen of the 
atmosphere. 

The two tests most commonly applied to identify the passive 
state in iron are immersion in a solution of a copper salt (usually 
copper sulphate) or in approximately 6 N nitric acid. Active 
iron precipitates copper from a solution of a copper salt ; passive 
iron does not. Active iron dissolves in approximately 6 N nitric 
acid; passive iron does not. Observation of immunity from rust- 
ing and the determination of anode potential have been employed 
to distinguish between active and passive iron. 

As might be expected from the number of the media which can 
develop passivity in iron, there are varying degrees of passivity 
and of stability of the passive state. Furthermore, the change 
from the active to the passive state usually is gradual. If iron 
is immersed in strong nitric acid, there is usually a momentary 
action before the metal becomes passive. Avogadro was 
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reported C235) to have observed, in 1823, the momentary activity, 
followed by passivity, of iron coupled with bismuth and immersed 
in concentrated nitric acid. Likewise, the reverse change from 
the passive to the active state may occur slowly; a piece of iron 
may remain inert for a considerable length of time in a solution 
of a copper salt but eventually become active and precipitate 
copper from the solution. Bennett and Burnham/ 3625 stated that 
in general the time necessary to develop the passive sta*te varies 
inversely with the oxidizing power of the medium; for example, 
if the metal is made the anode, the time required for passivity 
varies inversely with current density except that at low densities 
(anode voltage less than 0.65 volt) iron in sulphuric acid does 
not become passive at all. Evans (S235 also stated that the 
passage from the active to the passive state (of iron) is a gradual 
one, the time varying from a few minutes to several hours depend- 
ing on the degree of abrasion of the surface. 

Metal which is passive toward copper nitrate is not necessarily 
passive to copper chloride or even to copper sulphate solutions. 
Iron, subjected to anodic treatment at low current densities, will 
dissolve, but high current densities lead in general to passivity. 
Intermediate densities sometimes permit a rhythmic fluctuation 
between the active and passive conditions. The current density 
needed to produce passivity on an iron anode varies with the 
nature of the solution. In nitrate solutions where the anions have 
a distinctly oxidizing character, a low density suffices ; in chloride 
solutions it is difficult to produce passivity at all. In alkaline 
solutions passivity appears readily; in acid solutions a high 
current density must be applied before passivity sets in. C8235 
Spontaneous alternation between the active and passive state 
can also be obtained (362) when iron is immersed in nitric acid of 
about 1.3 specific gravity. During such periodic action, the time 
intervals usually are longer for the passive state than for the 
active state. Hedges C666) found that periodic passivity of iron 
could be obtained in sulphuric, nitric, or phosphoric acid solutions 
by adjusting the concentration and current density. Kar- 
schulin c 10585 observed that electrolytic iron developed periodic 
passivity in solutions of mixed chromic and sulphuric acids and 
found that the frequency and amplitude of the fluctuations varied 
with the concentration of both acids and with additions of 
potassium sulphate. 
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Evidently the passive state is not particularly definite or stable 
except in the presence of the medium which induces it. Bennett 
and Burnham (362) described various ways in which the passive 
state might be destroyed, Evans (824) described the breakdown 
of immersed films , and Speller< 6S6) summarized the matter as 
follows : 

In general when a passive metal is removed from the passivifying 
agent, it may continue in this state under favorable conditions for a 
considerable length of time, but the effect is not permanent. The metal 
so passivified reverts to its normal condition if it is abraded, hammered, 
heated, exposed to a magnetic field under certain conditions, immersed 
in solutions of the halogen acids or salts, or brought in contact with an 
active metal, particularly if it is cathodic to this metal. 

154. Theories of Passivity. — Several theories were formulated 
and considerable controversy ensued with regard to the mecha- 
nism of the change from the active to the passive state. These 
theories were reviewed by Bennett and Burnham and more 
recently by Chittum. (S75) The oxide-film theory appears to have 
been most generally accepted; it postulates that passivity is due 
to the formation of an oxide envelope which is insoluble and 
usually invisible. Objections to the oxide-film theory were 
based on the assumption that none of the common oxides of iron 
possesses the properties of passive iron. To sustain it, the 
hypothesis was proposed C362>87s) that passivity was due to some 
higher oxide, perhaps Fe0 2 or even Fe0 3 . Other objections were 
based on the apparently identical values for reflectivity and for 
X-ray examination of active and passive iron, on the invisibility 
of the oxide film, and on various phenomena such as the develop- 
ment of passivity in both acid and alkaline solutions. The results 
obtained by Evans and his coworkers removed many of these 
objections to the oxide-film theory. They have shown (7U - 826) 
that the passive film on iron, although normally invisible, never- 
theless can be removed from the iron and thereby made visible, 
assuming that the film is not altered by the process of removal. 

In another paper C823) Evans discussed the composition of the 
passive film, as follows: 

It has been objected that the passivity of iron towards nitric acid 
cannot be due to an oxide film, since any oxide, it is alleged, would be 
dissolved by the acid. This objection has been entirely disposed of by 
a delightful piece of research carried out at Bedford College, London, 
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by Hedges, who showed that — in point of fact — ferric oxide (if freshly 
ignited and therefore free from hydroxide) is not dissolved by concen- 
trated nitric acid at ordinary temperatures ; on raising the temperature, 
the dissolution first becomes appreciable at just the temperature at 
which metallic iron begins to be attacked by nitric acid of the concen- 
tration in question. This points to the fact that the invisible film which 
normally protects iron from nitric acid is ferric oxide. 

Evans believed that the oxide-film theory is in accord with the 
facts of passivity in acid and alkaline solutions. 

Passivity may be induced by more than one kind of film; 
for example, it appears readily during electrolysis of alkaline 
solutions when the discharge of hydroxyl ions would tend to 
convert the surface layer of the metal to insoluble oxide or 
hydroxide. Travers and Aubert (984) found that oxygen (dis- 
solved) was essential to the development of passivity in alkaline 
solutions. The question of the optical properties of active and 
passive iron was studied by Freundlich, Patscheke, and Zocher <712) 
who found that there is a definite difference in the reflectivity 
of active and passive iron, passivity of their specimens apparently 
being due to a film about 10 A. in thickness. In a recent study 
of the optical properties of iron mirrors, Tronstad and Borg- 
mann cl073) concluded that the passive film on iron is about 25 A. 
in thickness if it is formed by the action of nitric acid and some- 
what less thick if formed by atmospheric oxidation. From 
these results it appears that, in previous work on reflectivity of 
active and passive iron, probably none of the samples was really 
active but all were more or less passivated by the action of 
oxygen of the air. Extraordinary precautions were necessary 
to obtain mirrors of active iron, in the work of Freundlich and 
his associates. 

In spite of the excellent case made by Evans and other propo- 
nents of the oxide-film theory, some investigators believed that 
certain phenomena of passivity could be better explained by 
means of other theories. Muller (798) was not in entire accord 
with Evans' theories, particularly concerning the mechanics of 
the protective action of the oxide film. In another paper, (978) 
Muller's theories were applied to data obtained through the 
use of an oscillograph, to calculate separately the resistance of 
the pores and of the oxide film on an iron electrode passivated 
in neutral sodium sulphate solution. As the film became 
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thicker, the pores became smaller and their resistance increased; 
the resistance of the film also increased. An excellent review 
and bibliography of passivity are found in the recent edition of 
Abegg’s Handbook. (914) 

A practical application of passivity was described by 
Burgess, (114) who encountered difficulty in electrolytic stripping 
of a brass coating without attacking the underlying mild steel. 
The difficulty was solved by shifting to a sodium nitrate solution, 
in which the brass was completely removed by electrolysis, 
but in which the mild steel became passive and was not attacked. 
Some single-potential measurements were made, indicating that 
the potential of iron varied with current density up to a limiting 
point at which the metal became passive as evidenced by a sudden 
large increase in potential and the first evolution of oxygen at 
the anode. The results indicated that passive iron may be 
cathodic to platinum and approximately equal in potential to 
the peroxide plate of a lead storage battery. 

It might be expected that the passive state would be more 
easily attained and more stable with increasing purity of the 
iron. This would follow primarily from the absence of non- 
uniformities in the structure which might form small local 
couples with the iron to destroy the passive film. Evans (823) 
found that iron of high purity became passive as a result of expo- 
sure to the atmosphere: 

Short exposure to the air at slightly elevated temperature renders 
electrolytic iron unaffected by copper nitrate, but a similar short exposure 
to air at ordinary temperatures still permits the iron to deposit copper. 
... In the case of pure electrolytic iron it is actually found that after 
long exposure to dry air the power to precipitate copper from copper 
nitrate solutions is lost. 

In similar experiments, steel samples did not exhibit air- 
induced passivity, but readily precipitated copper from solution. 
In another publication 6 59) Evans stated that electrolytic iron, 
immersed in water, which was saturated with oxygen, could be 
passivated by uniform aeration, whereas mild steel under similar 
conditions remained active and rusted. Schikorr <1027) also found 
that iron and its alloys become passive more readily as the 
homogeneity increases. Freundlich, Patscheke, and Zocher (712) 
worked with mirrors deposited from iron carbonyl and found it 
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difficult to protect high-purity iron, in this form, from the 
passivating action of the atmosphere. However, even with 
high-purity iron the passive state is not entirely stable, as 
Evans C823) recorded that no reaction occurred if a piece of “pure” 
iron was dipped in concentrated nitric acid, but if it was then 
removed and allowed to drain, violent reaction often commenced 
after a few seconds at the margin of the wetted area and spread 
over the whole surface. 

155. Summary of the Passivity of Iron. — The practical 
importance of passivity of iron is summarized in the remarks 
of Speller: “If the metal could be maintained in this [passive] 
state, it would be of great practical value, but unless the metal 
can be kept in contact with a passivifying reagent, the effect is 
soon destroyed and the metal reverts to its former state.” 
These remarks referred to irons of commercial purity but probably 
are equally applicable to high-purity iron. The latter is more 
easily rendered passive, and the passive state is perhaps more 
stable than for irons of lower purity. Nevertheless the passivity 
even of very pure iron probably cannot be depended upon for 
permanent protection against corrosion, except perhaps by 
very mild corroding agents. 

B. ATMOSPHERIC AND GASEOUS CORROSION 

The rusting of ferrous materials exposed to the atmosphere in 
the absence of protective coatings is almost universal. The 
economic importance of this form of corrosion is due to the fact 
that the deterioration, once started, usually is progressive and 
continuous. Estimates of the annual wastage in money and 
resources, due to the rusting of ferrous products, vary widely, 
but the fact that this annual loss is enormous is a natural corol- 
lary of the recent estimate of Tiemann (1032) that 80 per cent of all 
the steel in use is subject to atmospheric corrosion. 

The deterioration of iron in the atmosphere is a complicated 
process, subject to the influence of a large number of variables. 
The presence of liquid water and of oxygen are of fundamental 
importance. The general effect of oxygen is to stimulate 
corrosion of iron, although occasionally oxygen may act as a 
deterrent by inducing passivity. Other factors which influence 
the rate and extent of atmospheric corrosion include sunlight, 
humidity, amount and frequency of rainfall, temperature, the 
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presence of solid matter, gases, acids, or salts in the atmos- 
phere, the homogeneity and composition of the metal, passivity, 
the nature and amount of rust formation, and many others. 
Any one, or combinations of these, may, under certain condi- 
tions, become the dominant factor in determining the rate and 
extent of corrosion. 

As a result of the complicated nature of corrosion, the number 
of variables concerned, and the variety of media in which cor- 
rosion can occur, a long time was required to develop a satis- 
factory theoretical explanation of corrosion in general. The 
direct-chemical-attack theory, acid theory, hydrogen-peroxide 
theory, colloid theory, electrochemical theory, biological theories, 
film theories, have been advocated with considerable vigor at 
one time or another. The electrochemical theory has survived 
better than the others C453) and is now regarded quite generally 
as supplying the most acceptable explanation for the greatest 
number of cases of corrosion. The exposition of the electro- 
chemical theory published in 1924 by Bancroft C545) and the work 
of Evans C659> in developing the importance of oxygen-concentra- 
tion cells are recommended to the reader. In the present text 
the corrosion of iron will be considered an electrochemical 
process under all conditions except for corrosion by oxygen and 
other gases at elevated temperatures, which is probably the 
result of direct chemical action. 

156. Rate of Corrosion of Massive Iron in Dry Air. — According 
to the electrochemical theory of corrosion, an electrolyte* must 
be present, and according to the experimental results of many 
investigators liquid water must be present, in order that cor- 
rosion of iron may occur. There is universal agreement that 
in the absence of water and at temperatures below 150°C. 
(300°F.) the reaction between massive iron and air, or oxygen, 
is of negligible importance. Abegg C914) credits this observation 
to Berzelius in 1835. Friend^ 2365 in 1911 stated that 

. . . for many years it has been a matter of common knowledge that a 
piece of polished and bright iron may be kept for an indefinite time 
exposed to dry air without suffering the slightest diminution in metallic , 
splendor, provided, of course, the temperature is not raised abnormally. 

. . . Even at 100°C. the action of air upon iron is indefinitely slow. 

* A recent definition < 98 °) is that an electrolyte is a conducting medium in 
which the flow of electric current is accompanied by the movement of 
matter. 
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Pollitt C576) stated as a fundamental fact: “Iron will not corrode 
or rust in dry air, i.e., in the absence of moisture.” The con- 
clusion of previous investigators that dry air, or dry carbon 
dioxide, or mixtures of the two, at ordinary temperatures, did 
not cause corrosion of iron was confirmed by Hicks. CS33:> 
Evans (659) quoted calculations by Tammann which showed that 
exposure to dry air at ordinary temperatures might produce a 
visible oxide film on iron in 25 X 10 17 years. Evans* own opinion 
was expressed as follows: “The time required to produce the 
first (yellow) interference tint at ordinary temperatures is too 
long to be determined by direct experimentation and probably 
exceeds the life of man.” Evans* summary expresses the general 
opinion, as follows: 

All ordinary metals, if perfectly dry, can be kept in pure, dry air 
indefinitely without undergoing visible change. It is probable that a 
film of oxide is quickly produced on the surface, and when it is still too 
thin to give even the first interference tint, it becomes practically 
impervious to oxygen, and thus ceases to thicken. 

Vernon C748) concluded that, for indoor tests, the rate of rusting 
of iron was governed entirely by the presence of suspended dust 
particles in the air, and that rust was inhibited by filtering the 
air or even by screening the metal with a single thickness of 
muslin. In view of the evidence of other investigators, it appears 
probable that Vernon's dust particles were moist and that the 
ensuing corrosion was due to the moisture carried rather than 
to the dust particles themselves. In a recent paper, Vernon ci035) 
reiterated the important role of dust particles in promoting 
corrosion through the creation of local couples and surface 
discontinuities and called attention to the influence of particles 
of hygroscopic material, particularly ammonium sulphate, in 
stimulating corrosion even at humidities below the dew point. 

157. Rate of Corrosion of Pyrophoric Iron. — Finely divided 
or porous iron produced by reduction of iron oxide with hydrogen 
is an exception to the general rule that iron is not attacked to an 
appreciable extent by air at ordinary temperatures. If iron 
oxide is reduced by hydrogen at relatively low temperatures, the 
resulting iron sponge is pyrophoric ; on contact with air the iron 
is oxidized rapidly and completely, usually with an appreciable 
increase in temperature. Moisture present in the air may be 
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partly responsible for the initial stages of this oxidation, as 
suggested by Friend, ^ 2353 but it seems probable that the pyro- 
phoric properties of sponge iron are merely an extreme case of 
surface phenomena. The surface area is enormous and is in a 
highly reactive state as indicated by the catalytic activity of 
sponge iron in such processes as the synthesis of ammonia. It 
is a dmi tted that all iron is covered with a superficial layer of 
oxide acquired on first coming in contact with the air. In the 
case of ordinary iron, the heat generated by this superficial 
oxidation is negligible in comparison with the heat capacity of 
the massive iron. On the other hand, in sponge iron a large 
proportion of the total mass is affected by the superficial oxida- 
tion of the surface. Furthermore, heat is generated by this 
surface oxidation faster than it can be dissipated, which results 
in an increase in temperature of the mass with a consequent 
speeding up of the process of oxidation. The fact that the pyro- 
phoric properties of sponge iron can be largely or completely 
destroyed by sintering the freshly reduced sponge is further 
evidence that the pyrophoric behavior is simply a case of surface 
phenomena, equivalent to the greater chemical activity of finely 
divided metals as compared with massive metals. The other 
extreme of surface phenomena is represented by the fact that 
polished surfaces of metal are most resistant to tarnishing. 

158. Oxidation of Iron at Elevated Temperatures. — The 
oxidation of pyrophoric iron at normal temperatures or of 
ordinary iron at temperatures above 200°C. (390°F.) is an excep- 
tion to the general rule that rusting of iron is an electrochemical 
process. It is generally agreed C235 ' 505>545) that oxidation of iron 
. at higher temperatures is the result of direct chemical combina- 
tion of iron and oxygen; in fact some investigators, for example 
Pollitt / 5763 refuse to consider this reaction as a form of corrosion. 
To Justify this distinction between corrosion and oxidation at 
high temperatures, Pollitt pointed out that the product of 
ordinary corrosion was rust, which accelerated subsequent 
attack, whereas the product of oxidation at high temperatures 
was magnetic oxide, which retarded subsequent oxidation. 

The direct oxidation of iron is negligible below 150°C. 
(300°Fv), cl91 ' 235) but at higher temperatures iron discolors with 
visible formation of oxide / 9143 Evans (659) discussed the forma- 
tion of “ temper colors” on iron and the work which has demon- 
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strated that the colors of these oxide films are interference 
colors. He concluded that the rate of oxidation at high tem- 
peratures was determined mainly by the rate of diffusion of 
oxygen through the film and called attention to the fact that 
oxidation at high temperatures was a complicated matter, 
involving composition of scale, solid solution of oxygen in iron, 
and other variables. Oxygen might affect iron in two ways: 
form a solid solution in the iron or, penetrating along the grain 
boundaries, form oxide envelopes around the grains. 

Detailed study of the oxidation of electrolytic iron (0.01 per 
cent carbon, 0.005 per cent manganese, 0.02 per cent silicon) 
and of Armco iron at temperatures between 700 and 1000°C. 
(1290 and 1830°F.) was made by Pilling and Bedworth. C529) 
They found that the oxide formed at these temperatures was 
normally slaty black and was formed in two phases, a thick outer 
and a thin inner layer, with an aggregate composition inter- 
mediate between Fe 3 C >4 and FeO (equivalent to 60 per cent FeO 
and 40 per cent FegCh). Irregularities in the oxide coatings 
indicated local reactions other than those of oxidation in the 
simplest sense. Electrolytic iron was particularly susceptible 
to this irregular attack. Armco iron oxidized at a consistently 
faster rate and formed coatings which in general were smoother 
than those on electrolytic iron. The amount of oxidation at 
800 to 1000°C. (1470 to 1830°F.) was nearly twice as great in 
oxygen as in air. Some of Pilling and Bedworth's data are as 
follows : 


Material 


Armco iron. 


Armco iron. 


Electrolytic iron. 


Atmosphere 

Temperature 

Oxidation 
rate, g. per 
sq. cm. per 
hr. 

°C. 

°F. 

Air 

800 

1470 

1.06 X 10" 4 


900 

1650 

4.9 X lO" 4 


1000 

1830 

20.5 X 10- 4 

Oxygen 

800 

1470 

1.95 X 10' 4 


900 

1650 ; 

10.1 X 10“ 4 


1000 

1830 

43.0 X 10“ 4 

Oxygen 

700 

1290 

0.17 X 10“ 4 


800 

1470 

1.00 X 10~ 4 


900 

1650 

6.5 X 10~ 4 
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These results, in general, were confirmed by the recent work of 
Portevin, Pr6tet, and Jolivet. (1068) A study of the effect of time 
and temperature on the formation of scale on commercially pure 
iron and alloys was made by Heindlhofer and Larsen. ° 1003 > 

159. Corrosion by Moist Air. — Atmospheric corrosion of 
iron, in the ordinary sense of the term which implies the forma- 
tion of visible rust, occurs only in the presence of water. 
Speller (6S6) stated that the amount of corrosion was controlled 
mainly by the amount of moisture and cited statements by 
Evans 0506 - 659) and by Vernon° 537) that corrosion could occur when 
only an adsorbed film of water was present. Such a film was 
invisible and might be formed when the moisture in the air was 
below the saturation point. Bancroft° 545) reviewed the work of 
Friend, Dunstan, and other investigators who showed that 
rusting of iron did not occur in the presence of either moist 
oxygen, carbon dioxide, or mixtures of these gases, provided the 
temperature remained constant. However, if the temperature 
was allowed to fluctuate so that a film of liquid water might 
condense on the metal, rusting occurred in the presence of oxygen 
alone or in mixtures of oxygen and carbon dioxide. In further 
experiments high-purity iron and oxygen were left in contact 
with dry ether instead of water. In this case no rusting occurred. 
“It is therefore concluded from the results of all these experi- 
ments that liquid water is essential for the rusting of iron and 
that the chemical action involved is the reduction of the water 
by the iron.” These conclusions were accepted by authors 
such as Pollitt, C576) Hicks, C833) and Abegg.° 914) Indications of the 
importance of the presence of water were furnished by Vernon, ° 537) 
who called attention to the fact that polished iron resisted 
ordinary atmospheric exposure but rapidly lost reflectivity in the 
presence of rain, and by Friend, (236) who pointed out that oil 
films may be quite permeable to oxygen and still afford protec- 
tion to iron because they are impermeable to water. 

160. Corrosion by Water Vapor. — Corrosion of iron by water 
vapor is somewhat analogous to the action of dry air at corre- 
sponding temperatures. At ordinary temperatures water vapor 
does not cause corrosion of iron; liquid water must be present. 
At higher temperatures, however, steam and water do react with 
iron. In some of his early papers, Friend reported 02350 that iron 
and steam apparently began to react slowly at temperatures as 
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low as 150°C. (300°F.) and more rapidly as the temperature was 
raised. Powdered iron began to react to a noticeable extent 
with steam at temperatures as low as 240°C. (465°F.). Between 
200 and 1200°C. (390 and 2190°F.) the reaction was believed to 
follow the reversible equation: 

3Fe + 4H 2 0 Fe 3 0 4 + 2H 2 

High-purity iron foil was not attacked at 250°C. (480 °F.) by 
steam which was free from carbon dioxide (239) but was noticeably 
tarnished at 350°C. (660°F.) C191) and at 400°C. (750°F.).< 235 > 
However, even at 500°C. (930°F.) the reaction between high- 
purity iron and steam was only superficial and quite slow. 

The difference between the attack of wet and dry steam has 
been emphasized recently. Pollitt (576) concluded that the action 
of steam at high temperatures was comparable to that of dry air 
at the same temperatures and resulted in the formation of a thin 
film of Fe 3 04- He pointed out that the blades of a steam turbine 
do not corrode since they are protected by a film of Fe 3 04 * 
Corrosion begins where the steam becomes wet. Similarly 
the corrosion of steel superheater tubes is generally confined to the 
inlet or wet end and does not extend beyond the point where the 
steam becomes dry. However, iron valves are not recommended 
for superheated or high-pressure steam. (501) Speller (686) con- 
cluded that pure dry steam did not attack iron pipes up to 540°C. 
(1005°F.) or probably a little higher, and that among the variables 
to be considered were the amount of excess air in the steam, 
sulphur compounds in the gases, velocity and temperature of the 
gas, impingement of flames, abrasion from solids in the gas 
stream, and so on. 

161. Effect of Purity of Iron on Atmospheric Corrosion. — 

The resistance of even the purest irons to atmospheric corrosion 
is apparently due more to factors such as passivity than to 
purity. Abegg C914) called attention to the extreme passivity of 
very pure irons and to the fact that application of mild pressure 
to such an iron may suffice to cause rusting. Burgess and 
Aston C274:> found that an average grade of electrolytic iron, when 
exposed to the atmosphere, corroded more than commercial 
ferrous products and more than most of the alloys prepared from 
it. During 162 days’ exposure to the atmosphere this electrolytic 
iron lost 0.10 lb. per sq. ft. of surface. (274) This material was 
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“not the purest electrolytic iron that could be produced, but 
Richar dson c 4475 stated that even the purest obtainable electrolytic 
iron has been found to be “highly corrodible” in the presence 
of oxygen or air. The actively stimulating action of small 
amounts of certain impurities, on atmospheric corrosion, was 
mentioned in discussing the preparation of electrolytic iron in 
chloride and in sulphate baths. Iron from chloride baths is 
much more subject to rusting than iron of comparable purity 
prepared in sulphate baths, the difference being ascribed to 
the presence of residual traces of chlorides. Hughes'- 6 also 
discussed the corrosion of iron from chloride and sulphate baths. 

On the whole, it appears that purity is not the determining 
factor in resistance to atmospheric corrosion. All forms of iron 
are attacked, and any difference due to composition is merely a 
difference in rate of attack. Pilling and Bedworth< 529 > found 
that electrolytic iron in air at 700 to 1000°C. (1290 to 1830°F.) 
was oxidized at a consistently slower rate than Armco iron, and 
Kenyon (787) found that Armco iron withstood furnace gases at 
760 to 900°C. (1400 to 1650°F.) better than mild steel, due 
to the fact that the scale on Armco iron was tightly adherent, 
whereas the scale on mild steel was loose and easily flaked off. 
Friend (828) found that wrought iron and mild steel were attacked 
to about the same extent during 7 years' exposure to the atmos- 
phere; Stoughton (491) reported that wrought-iron pipe exposed 
to the atmosphere corroded 2.6 times as fast as electrolytic iron, 
and Speller (686) cited the tests of the American Society for Testing 
Materials which showed that open-hearth iron was not noticeably 
superior to wrought iron or steel. There is no definite relation 
between resistance to corrosion in the atmosphere and in other 
media. Aupperle and Strickland (425) stated that metals which 
resisted atmospheric corrosion for several years subsequently 
lost several times as much weight in the immersion test as did 
materials which failed first in the atmospheric test. 

For many years it was customary to cite the Delhi pillar, 
and other specimens of ancient iron which had resisted corrosion 
over long periods of time, as illustrating the effect of purity and 
proving that the products of the ancient workers in metal were 
superior to those of modern times. However, about 1910 the 
point of view began to change. Cushman and Gardner C209) 
quoted Walker's conclusion that iron equal to that of our fore- 
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fathers could be made by modern methods. Hadfield <259) 
investigated the history and composition of various specimens 
of ancient iron, including the famous Delhi pillar. The latter 
contained 0.080 per cent carbon, 0.046 per cent silicon, 0.006 per 
cent sulphur, 0.114 per cent phosphorus, and no manganese, 
and had a Brinell number of 188. According to Hadfield, this 
material, which had withstood atmospheric exposure since 
about 300 A.D., was hardly a “pure” iron in the modern sense 
of the word, but was in fact an excellent type of wrought iron. 
Furthermore, the resistance of this material to atmospheric 
corrosion for so long a time probably was due more to the mild- 
ness of the corrosive attack than to the corrosion resistance of 
the metal. Pollitt <576) and Rosenhain C335) reported that various 
samples of ancient iron, which had previously withstood exposure 
to the atmosphere of India or Egypt for hundreds and even 
thousands of years, when brought to England and exposed to 
the atmosphere there, corroded as rapidly as modem products. 
Walker <454) cited the case of an old bridge, as follows: 

The public is still told through advertising propaganda that the old 
Newburyport bridge withstood Atlantic Ocean storms for over one 
hundred years because the iron from which it was built was pure and 
homogeneous, when, as a matter of fact, the majority of the links of the 
great chains were very impure and extremely heterogeneous. The 
further fact that when these very pure links were rolled down to sheet 
form and exposed to the weather, they rusted like modern iron and 
disappeared in a few years, is conveniently ignored. 

Speller C686) examined specimens of iron pipe which had survived 
20 years of exposure to the atmosphere in Panama. Some of 
the pipes were in excellent condition, others, of the same chemical 
composition, were badly rusted. If the surface was removed 
from one of the apparently resistant pipes, the newly exposed 
surface promptly began to rust “ just like modem steel.” Speller 
believed that the resistance to corrosion of some of these pipes 
was accidental, perhaps due to initial exposure during a long, 
dry, hot period, in which a protective film, perhaps of dry oxide, 
developed. On the other hand, if initial exposure occurred 
during a wet season, the initial product of corrosion would be 
hydrous ferrous oxide, quite different from the anhydrous oxide 
in its effect on subsequent corrosion. Richardson C446) compared 
old irons with modern products during 2 years' exposure to the 
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atmosphere and found no difference. Friend and Thorney- 
croft C60S> compared modern mild steel with pieces of excavated 
Roman iron, in alternate wet and dry tests. Roth metals 
corroded. The same authors (556) compared old iron from India 
and Ceylon with modern mild steel in alternate wet and dry tests 
and in sea water. Again the old irons corroded just as did 
modern mild steel. Evidently the survival of these old irons 
was due to the conditions of exposure or to unusual surface 
effects rather than to the purity or inherent resistance of the 
metal itself. 

The effect of small amounts of impurities or added elements 
on the resistance of iron to atmospheric corrosion usually appears 
to be only a minor variable. The result of small changes in 
composition usually is less important than minor variations 
in the conditions of corrosive attack. Real resistance of iron to 
atmospheric corrosion is achieved only through the addition of 
elements such as chromium, nickel, or silicon in amounts such 
that the resulting steels or cast irons are far removed from pure 
iron. An exceptional case where a small amount of an added 
element exerts a marked effect on the corrosion of iron is the 
addition of copper. The presence of 0.15 to 0.25 per cent 
materially increases the durability of iron in the atmosphere, 
not because the copper-bearing iron does not rust but because 
the initial rust film protects the underlying metal, whereas the 
initial rust film on non-copper-bearing iron permits and even 
stimulates subsequent corrosion. The effect of copper and of 
other impurities and added elements will be discussed in more 
detail in subsequent pages. 

162. Corrosion by Gaseous Atmospheres. — Iron may be 

attacked, sometimes to a serious extent, by gaseous atmospheres 
which do not contain oxygen. Such an attack is not corrosion 
in the sense that it produces rust, but the deterioration of the 
metal may be fully as severe as that which is accompanied by 
rust formation. 

Hydrogen penetrates iron readily. Under atmospheric pres- 
sure molecular hydrogen penetrates iron at elevated tempera- 
tures, and atomic hydrogen, generated by electrolysis or by 
chemical action, penetrates iron at room temperature . (807) 
Benton and White (95S) reported that freshly reduced iron absorbs 
hydrogen at temperatures as low as ~-183°C. ( — 3Q0°F.). At 
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low temperatures the absorption was limited to the surface of 
the iron, but at 110°C. (230°F.) and higher solution was evident. 
Under pressure of 4000 atmospheres, according to Poulter and 
Uffelman, C979) hydrogen readily penetrated a very fine-grained 
steel at room temperature. At elevated temperature the 
penetration of solid iron by hydrogen results in the reduction 
of certain oxides, a fact which is utilized in the well-known 
Ledebur method for oxygen analysis. Decarburization also 
results from the penetration of steels by hydrogen. (973 > Extended 
exposure of iron to the action of hydrogen, either dry or moist, 
at high temperatures eliminates carbon, reduces the amount of 
other impurities, and results in extraordinarily high magnetic 
permeabilities. (964) Messkin and Margolin (976) reported that 
hydrogen treatment of transformer steel may result in cracks, pre- 
sumably formed by the escape of methane, steam, or other prod- 
ucts of the reduction by hydrogen. Lewkonja and Baukloh (1014> 
found that the permeability of iron to hydrogen at 700 to 1000°C. 
(1290 to 1830°F.) increased with an increase in temperature or 
in carbon content and decreased with an increase in grain size 
or in wall thickness. Apparently hydrogen passes through the 
grain boundaries, and ferrite is less permeable than are other 
constituents of iron. 

Iron is also subject to attack in atmospheres of nitrogen, 
and particularly in the presence of ammonia. Emmett and 
his coworkers concluded that iron prepared by reduction of the 
oxalate reacted only superficially with molecular nitrogen at 
temperatures between 400 and 700°C. (750 and 1290°F.), under 
pressures as high as 200 atmospheres, (S79) but that in atmospheres 
of ammonia or of mixtures of ammonia and nitrogen the iron 
may be completely converted to Fe 4 N. C919) Similar conclusions 
were reached by Gray and Thompson C968) who found that iron 
and molecular nitrogen react to some extent at temperatures 
as low as 500°C. (930°F.), possibly as low as 200°C. (390°F.), 
but that in the preparation of any quantity of iron nitride the 
use of an atmosphere of ammonia is desirable. In their experi- 
ments, powdered iron heated in nitrogen at 1000 to 1100°C. 
(1830 to 2010°F.) reached a constant weight after losing 0.3 to 
0.4 per cent. The fact that the product of exposure to nitrogen 
at 500°C. (930°F.) or lower was a gray film, whereas at about 
700°C. (1290°F.) the product was a fused transparent layer, was 
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suggested tentatively as being due to the fact that different 
products result from the action of nitrogen on alpha and on 
gamma iron. The thin film formed on electrolytic iron as a 
result of exposure to purified nitrogen at 700 to 1100°C. (1290 to 
2010°F.) exerted an appreciable influence on the rate of solution 
in 0.5 N hydrochloric acid. (968) Similar treatment of steel like- 
wise produced a surface layer resistant to hydrochloric acid, 
and sometimes resulted in decarburization of the steel.' C830 > 
The ability of iron to absorb nitrogen at atmospheric pressure 
was reported by Sieverts (942) to range from 0.4 mg. of nitrogen 
per 100 g. of alpha iron at 750°C. (1380°F.) to 18.5 mg. per 100 g. 
of gamma iron at 1150°C. (2100°F.). Reaction of ingot iron 
and nitrogen at the temperature of the electric arc was studied 
by Willey, csll) who found that near the center of the arc 12 to 
15 per cent of the iron was present in the form of iron nitride; 
at the outer edges of the arc the proportion fell to 6 or 8 per cent; 
and the sublimate obtained from the walls of the reaction cham- 
ber contained only 2 or 3 per cent of nitride. This indicated that 
iron nitride formed in appreciable amounts at arc temperatures 
but decomposed during slow cooling. 

The fact 'that iron is an efficient catalyst for the synthesis 
of a mm onia from mixtures of nitrogen and hydrogen, and for the 
reverse process of cracking ammonia into the constituent gases, 
undoubtedly is connected with the fact that iron reacts with both 
gases to a greater or less extent. Vanick (536) reported the destruc- 
tive action of gaseous ammonia on iron at atmospheric pressure 
and elevated temperatures and found that the formation of stable 
iron nitride depended on the temperature. The action of the 
gases for the synthesis of ammonia on various ferrous materials 
was reported in a subsequent paper/ 7475 in which it was found 
that the presence of carbon enhanced the attack but that the 
presence of 2 per cent, or more, of chromium greatly reduced 
the attack. Recent papers on the catalytic action of iron in the 
synthesis or decomposition of ammonia are those of Winter, C962) 
Dixon and Steiner/ 9215 and Mittasch and Keunecke. C977) 

Carbon dioxide at one time was considered to be the principal 
cause of corrosion of iron. However, Friend (23£5 reviewed the 
earlier work on which this assumption was based and concluded 
that condensed water might have been responsible for the action 
attributed to carbon dioxide. Friend found that the presence of 
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carbon dioxide stimulated corrosion by oxygen and water but 
concluded that carbon dioxide alone, either moist or dry, was 
not responsible. Abegg (914) agreed with this conclusion, but 
Pollitt (576) quoted Paul that in the presence of an excess of 
carbon dioxide and water, free or atmospheric oxygen was not 
essential to corrosion. In the discussion of aqueous corrosion, 
it will be shown that the corrosion of iron in water, in the absence 
of oxygen, is limited by the solubility of ferrous hydroxide. 
The action of carbon dioxide may be to convert some of the 
accumulated ferrous hydroxide to a more soluble compound. 
Corrosion of the iron could then proceed a little farther, but 
the action probably is less rapid than when oxygen is present. 

In view of the particular efficacy of chloride ions in destroying 
passive films, it is interesting to note that dry gaseous chlorine 
is handled in iron or steel equipment, although if moisture or 
hydrochloric acid is present corrosion follows. 

163. Summary of Atmospheric and Gaseous Corrosion. — 
In the absence of moisture, exposure of a fresh surface of iron 
to air or to oxygen results in the rapid development of a superficial 
coating of iron oxide. When exposure occurs at temperatures 
below about 150°C. (300°F.) the coating is so thin as to be 
invisible, yet it suffices to prevent further oxidation. An excep- 
tion to the general rule is found in the case of certain irons which 
are pyrophoric, probably because their surface area is so great 
in proportion to the mass (see p. 295). At temperatures above 
200°C. (390°F.) the rate and extent of the reaction between 
oxygen and iron increase with increasing temperature. The 
final product of this action is FesCL which tends to protect the 
underlying metal. The attack at high temperatures is more 
severe in an atmosphere of oxygen than in air. Oxidation at 
high temperatures is the result of chemical combination, not 
electrochemical corrosion. 

In the presence of liquid water iron exposed to the atmosphere 
corrodes with the formation of visible rust. Liquid water is 
essential to corrosion, but the amount need not be more than 
an adsorbed film. Iron does not rust in a slightly moist atmos- 
phere which is maintained at constant temperature but rusts 
readily in the same atmosphere if the temperature is allowed to 
fluctuate so that condensation occurs. The presence of both 
oxygen and liquid water is essential for the occurrence of appreci- 
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able corrosion; other factors which influence the rate or extent 
of corrosion include temperature, humidity, the presence of rust, 
homogeneity of the metal, passivity, presence of foreign material 
in either the metal or the atmosphere, and so on. 

Iron may suffer deterioration, from exposure to other gaseous 
atmospheres. It is attacked by dry steam at elevated tempera- 
tures much as it is by dry air or oxygen, but rusting occurs only in 
wet steam. Iron may be appreciably attacked by atmospheres of 
hydrogen, nitrogen, or ammonia. 

C. CORROSION IN AQUEOUS SOLUTIONS 

The question of submerged corrosion of iron has received about 
as much attention as atmospheric corrosion, not because equal 
amounts of ferrous materials are involved (Tiemamb 103 *' 5 esti- 
mated that only 10 per cent of the ferrous materials in use is 
subject to underwater corrosion), but because submerged mate- 
rials are not readily subject to inspection. Consequently, if 
submerged corrosion once starts, it may readily proceed to 
completion before being observed. 

In the discussion of atmospheric corrosion it was shown that 
iron is subject to corrosion in the presence of a combination of 
water and oxygen of the air. In considering corrosion in liquid 
media, where the supply of oxygen is much less abundant, the 
question arises whether or not iron is attacked by pure water 
in the absence of oxygen. 

164. Corrosion of Iron in Water. — The electrolytic solution 
potential of iron is greater than that of hydrogen. < 633) Conse- 
quently iron, when placed in a solution which contains hydrogen 
ions, displaces hydrogen and dissolves. In other words “iron 
should corrode in pure water, as indeed it does.” (545) The rate at 
which it corrodes is low, since an iron ion can enter the solution 
only by displacement of a hydrogen ion, a very limited number 
of which is present in pure water (about 1 g. of hydrogen ions in 
10 million liters of water, according to Cushman and Gardner C209) ). 

The amount of iron which can dissolve in pure water in the 
absence of oxygen is limited by the solubility of ferrous hydroxide, 
and is equivalent to 0.00117 g. of metallic iron per liter according 
to an early determination^ and 0.00374 g. per liter according 
to a later investigation. (644) The solubility of iron ions varies 
with the hydrogen-ion concentration; Halvorson and Starkey <717) 
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reported that the amount of ferrous ions in solution varied from 
27 X 10 1 parts per million of solvent at a pH of 3.0 to 27 X 10" 7 
parts at a pH of 7.0. The solubility of ferric ions under similar 
conditions is even less, decreasing from 6.1 X 10 1 parts per 
million at a pH of 3.0 to 6.1 X 10 -11 at a pH of 7.0. Unless 
the hydrogen-ion concentration is artificially maintained, the 
dissolving of iron by displacement of hydrogen and formation of 
ferrous hydroxide tends to make the solution slightly alkaline. 
In a recent review, Hicks C833) concluded that iron will continue 
to dissolve in pure water, free from carbon dioxide and oxygen, 
until the pH value reaches 9.4, then solution ceases. He called 
attention to the importance, from a corrosion standpoint, of 
the solubility of iron in water: “A film of liquid water in contact 
with a metallic surface is prerequisite to the corrosion of that 
surface; water vapor is much less active, perhaps inactive, in the 
process, apparently pointing to the solvent action of water as 
the real cause of corrosion.” 

This almost negligible solubility of iron (3 or 4 mg. per liter 
of water) and the absence of visible rust doubtless led some 
workers to conclude that iron was not attacked by pure water 
alone. For example, Frieiid (467) reported a piece of Swedish iron 
which showed “very little change” after exposure for 20 years 
to pure water in the absence of air. However, Cushman <209) 
confirmed experiments of Whitney and Collins, showing that 
if the iron specimen was removed from the clear colorless water 
and air was subsequently admitted, rust quickly appeared in 
the water as a result of oxidation of the soluble ferrous hydroxide 
to the less soluble ferric compounds. Bancroft 545) suggested 
that the failure of some investigators to find any trace of iron 
in solution in pure water may have been due either to overvoltage 
or to passivity. 

Surface characteristics and the degree of subdivision affect 
the rate of solution of a metal. Highly polished mirror sur- 
faces are more resistant to corrosion than ordinary massive metal, 
and the latter is more resistant than the same metal in finely 
divided form. Several factors including passivity probably 
are involved in this relation of particle size and corrodibility. 
The corrosion rate even of high-purity iron is affected by particle 
size; Abegg C914) cited four investigators who found that hydrogen 
was generated by the action of water on finely divided iron and 
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five investigators who concluded that oxygen-free water did not 
react with compacted iron. Certain phenomena, which appar- 
ently must be related to surface characteristics, are difficult to 
explain. For example, McAulay and Bastow C846) reported that 
two apparently identical pieces of electrolytic iron, cut from 
the same sheet and having similarly ground surfaces, gave widely 
different potentials on immersion and had distinctly different 
subsequent histories. 

. Enough positive evidence has been accumulated to justify 
the general conclusion that iron will dissolve to some extent in 
any water, even the purest water. In the absence of oxygen, 
the limit of solubility of iron in pure water is determined by the 
solubility of ferrous hydroxide, a small but definite amount. 

165. Corrosion of Submerged Iron in the Presence of Oxygen. 
Although iron is not appreciably affected by exposure to water 
in the absence of oxygen, or to air at ordinary temperatures in 
the absence of water, the combined action of water and oxygen 
is primarily responsible for submerged corrosion, just as it is for 
atmospheric corrosion. This thought has been expressed by 
practically every writer on corrosion; for example, Speller ( 6865 
stated that “the presence of oxygen 'is essential for appreciable 
corrosion in ordinary water . . . oxygen and water will cause 
corrosion even in the absence of C0 2 or other acids ... in 
natural waters corrosion is almost directly proportional to the 
oxygen concentration if other factors do not change,” and 
Whitman C642) said that “the presence of dissolved oxygen is 
of primary importance for appreciable corrosion in so many 
cases. ...” Richardson C421) reported that relatively pure iron 
corrodes at an extremely slow rate in the absence of oxygen but 
at a comparatively rapid rate in the presence of oxygen. Tie- 
mann (1032) believed that in underwater corrosion the controlling 
factors are oxygen concentration, hydrogen-ion concentration, 
composition of the water, rate of motion, temperature, and 
protective scale formation. 

Serious corrosion of iron therefore requires the presence of 
both liquid water and oxygen. The water furnishes the electro- 
lyte in which iron dissolves with the displacement of hydrogen 
and through which current flows from the areas which are being 
attacked to the cathodic areas. Oxygen dissolved in the electro- 
lyte serves in several ways to stimulate and intensify corrosion 
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attack. One of the most important functions of oxygen is to 
serve as a depolarizer, combining with the displaced hydrogen 
and thereby eliminating it with less expenditure of energy than 
would be required to form bubbles. Oxygen also removes 
ferrous hydroxide from the reaction by converting it to ferric 
hydroxide. The removal of both reaction products, hydrogen 
and ferrous hydroxide, naturally accelerates the process of 
corrosion. 

Differences in oxygen concentration of the water at different 
points on the surface of a specimen may be enough to cause 
severe corrosion. Iron dissolves anodically at points where 
the oxygen concentration is lowest, and hydrogen is deposited 
at the cathodic areas where the oxygen concentration is relatively 
high. The effect of these oxygen-concentration cells, and their 
importance in connection with pitting and other phenomena of 
corrosion, have been studied extensively by Evans. It has been 
suggested by Toporescu a033) that surface-tension effects may 
stimulate corrosion in aqueous solutions. 

Carbon dioxide frequently plays an important part in aqueous 
corrosion, accelerating rusting according to Evans (659) and 
Abegg, <914) but is usually secondary in importance to oxygen. 
Evans (777) accounted for the effect of carbon dioxide or weak 
organic acids on the ground that these materials accelerate 
the formation of soluble ferrous salts. Fujihara C610) expressed 
the same idea in a different way, viz., that the main r61e of carbon 
dioxide is the removal of the film of ferrous hydroxide as fast 
as it is formed. 

166. The Corrosion of Pure Iron in Pure Water. — The ques- 
tion whether theoretically pure and homogeneous iron would 
corrode in pure water was long a controversial subject. It was 
argued that a piece of pure metal, homogeneous and free from 
strains, could not corrode since there were no cathodic areas 
on which hydrogen could be liberated and no local couples to 
stimulate galvanic action. The unusual resistance to corrosion 
of Lambert’s very pure iron (216j260 ’ 284) was frequently cited as 
evidence. Lambert’s iron was prepared by electrolysis of a 
solution of purified ferric chloride, dissolving the deposited iron 
in nitric acid, recrystallizing the ferric nitrate, igniting the 
recrystallized nitrate to ferric oxide, and reducing the oxide with 
hydrogen to form metallic iron. Specimens were kept “in 
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contact with, pure water and pure oxygen, under atmospheric 
pressure, for more than two years without showing any signs of 
corrosion or alteration of any kind.” C260) Pieces of the iron 
remained quite bright in the ferroxyl test. Cold dilute sulphuric 
and nitric acids had very little visible action but cold dilute 
hydrochloric acid caused the slow evolution of bubbles of hydro- 
gen, and the metal readily dissolved in all three acids on warming. 
It withstood the action of saturated solutions of copper sulphate 
or copper nitrate for an indefinite time at ordinary temperatures, 
without visible loss of metallic luster, but dissolved completely, 
depositing copper, when the temperature was raised to 100°C. 
(210°F.). 

If pieces of this iron were subjected to mild local deformation 
by pressing with a pestle, the pieces so treated were decidedly 
inferior to untreated specimens in resistance to corrosion. Pieces 
which had been immune to attack by water and oxygen showed 
signs of corrosion in less than 1 hour's immersion after being 
subjected to mild pressure, and the pressed metal rapidly devel- 
oped anodic and cathodic areas in the ferroxyl test. 

Iron prepared in an identical manner, except that platinum 
was used in place of the iridium electrodes and boats, corroded 
more readily, presumably on account of the presence of a trace 
of platinum in the iron. Furthermore, iron prepared in a similar 
manner from ordinary ferric nitrate, even after 10 recrystalliza- 
tions, corroded readily when exposed to water and oxygen. 
From all these results, Lambert concluded that pure iron will not 
undergo visible oxidation in contact with pure water and pure 
oxygen, but that a small trace of impurity, or the existence of 
strained areas in the metal, may suffice to cause oxidation under 
exactly the same conditions. As Bancroft remarked/ 5455 
Lambert made out an astonishingly good case for the non- 
corrodibility of homogeneous metal. There was some justifica- 
tion for this belief, for 

. . . since differences of homogeneity will tend to cause local voltaic 
cells and will therefore tend to cause corrosion, the natural corollary 
is that, if other things are equal, the most homogeneous metal will cor- 
rode the least rapidly. This is absolutely sound, . . . hut the difficulty 
is to insure that all other things are equal . 
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The authors have italicized the portions of this quotation 
which, as Bancroft pointed out, were usually overlooked by the 
proponents of the non-corrodibility of homogeneous metal. 

Bancroft suggested that the non-corrodibility of Lambert’s 
iron was probably due more to passivity than to true corrosion 
resistance. The destruction of corrosion resistance by the 
application of mild pressure to the specimens, and the behavior 
in acids and in solutions of copper salts, were phenomena which 
have been previously ascribed to passivity. The fact that pas- 
sivity is readily developed in very pure irons — in fact, it is difficult 
to avoid — was discussed in connection with “pure” iron mirrors, 
for example those of Freundlich and his coworkers. C712) 

As long ago as 1916, Stead C356) stated that on long etching of 
polished sections of any aggregation of iron crystals in dilute 
nitric acid, copper ammonium chloride, etc., the crystals with 
cube faces parallel to the surface were always the slowest to be 
attacked and stood out in bold relief above the surface of other 
crystals of different orientation. Hausser and Scholz^ 65 ^ 
experimented with single crystals of copper and of silver and 
found that preferential attack by different etchants occurred on 
different faces of a single-crystal balF specimen. They found 
that the cube faces of copper oxidized first and that nitric acid, 
which contained silver, attacked the cube edges, but that nitric 
acid, which contained mercury, or ammonia plus hydrogen 
peroxide attacked the rhombododecahedral faces. The idea 
that a homogeneous metal is sub j ect to electrolytic corrosion as a 
result of varied orientation of the different grains definitely 
indicates that polycrystalline material is corrodible, even though 
it is chemically homogeneous. This belief was repeated by 
Stansfield (944) who further pointed out that differences in oxygen 
concentration can also initiate corrosion of a homogeneous metal. 
It appears therefore that a very pure metal is subject to corrosion, 
if it is polycrystalline, owing to the varied orientation of the 
exposed faces; and even if only a single face of a single crystal 
is exposed, corrosion may occur if there are local differences in 
oxygen concentration. 

Bancroft (S45) some years ago remarked that it was rather 
curious that the delusion that homogeneity was the most impor- 
tant variable should have taken hold of people so firmly. 
Speller (686) stated that from the standpoint of corrosion, homo- 
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geneity of a metal was not usually so important as external 
conditions; Richardson (421) concluded that “the production of an 
iron which will resist corrosion because of its purity is impossible 
of attainment 99 ; and the results of Stead C356) and of Stansfield< 944 > 
demonstrate that even the purest and most homogeneous irons 
are subject to corrosion. However, some authors, for example 
Palmaer, C934) still insist that an absolutely pure metal with a 
homogeneous surface should not be dissolved by acids as the 
electromotive force is the same at all points. The arguments 
pro and con on this point were reviewed recently by Watts. (1036 > 
167. Corrosion of Commercially Pure Iron in Aqueous Solu- 
tions. — The various studies of the comparative corrodibilities 
of high-purity iron, such as electrolytic iron, and materials of 
commercial purity, such as Armco iron, wrought iron, and mild 
steel, indicate that all are subject to corrosion although not 
always to the same extent. Fujihara (661) rated electrolytic iron, 
Armco iron, and wrought iron in order of decreasing resistance 
to the mildly corrosive mixture of equal parts of ethyl alcohol 
and water. Fuller ( 6 62) found that in non-oxidizing solutions 
electrolytic iron was about three times as resistant as dead soft 
steel but in oxidizing m?dia there was little, if any, difference. 
The behavior of electrolytic iron in N/2 K 2 SO 4 solution was typi- 
cal of that of mild steel and cast iron according to McAulay and 
Bastow. (S46) Burgess and Engle (140) found that electrolytic iron 
in N H 2 SO 4 lost weight at the same rate as did transformer iron, 
but less than a sample of a cutlery steel. In a comparison of 
electrolytic iron, wrought iron, and Armco iron Hatfield C470) 
found no difference in the corrodibilities in nitric acid, running 
water, intermittent immersion, steam at 100°C., sea water, and a 
variety of salt solutions. However, in hydrochloric acid and 
sulphuric acid electrolytic iron was superior in resistance to 
Armco, which in turn was superior to wrought iron; in certain 
organic acids the corrosion of electrolytic and Armco iron was 
about the same; but wrought iron was attacked more than the 
other two. Tiemann (1032) cited the experiments of Friend and 
of Heyn to show that, although absence of electrolytic couples 
in a very pure steel does retard the commencement of corrosion, 
it does not affect the rate of corrosion once the process has begun. 

As a result of a series of extended investigations, Friend C330 ’ 713 ’ 
779,828,966) concluded that wrought iron and mild steel on the whole 
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suffered about alike in exposure to various aqueous solutions, as 
well as to the atmosphere. In some cases there was greater 
divergence between individual specimens in the same class than 
there was between the average results for different classes of 
material. Evans C659) agreed with Friend that there was no great 
difference between wrought iron and steel in resistance to cor- 
rosion; either one might be better for a particular purpose. 
Richardson <421) concluded that in submerged corrosion, external 
conditions overbalance composition in most cases in determining 
the course of corrosion. Friend (235) agreed with Richardson and 
extended the statement to include corrosion in general. Spel- 
ler (686) found that the ordinary variations in commercial iron 
were of insignificant importance in underwater or underground 
corrosion, but in water containing free acids or acid forming 
compounds,, or under alternate wet and dry conditions, composi- 
tion was relatively a more important factor. 

It has been shown that the rate of corrosion varies, among 
other conditions, with the hydrogen-ion concentration. Conse- 
quently, iron should corrode faster in acid solutions and slower 
in alkaline solutions than it does in neutral water. This is 
generally true although the rate of corrosion, particularly at 
first, is subject to the influence of other factors such as over- 
voltage and passivity. The extent of corrosion is influenced 
chiefly by the solubility of the salts of iron and by the formation 
of protective films. Corrosion in salt solutions is complicated 
by the effects of both anion and cation, in addition to all the other 
effects of concentration of salt and of hydrogen ions, passivity, 
overvoltage, and solubility. 

In view of all the factors which may affect the rate and extent 
of corrosion it is not surprising that the results of corrosion tests 
are notoriously hard to duplicate. In addition, relatively few 
data are available for high-purity iron. For these reasons the 
data presented in the succeeding pages are intended to indicate, 
not to define, the approximate relative rates of corrosion of iron 
in different media. Many of them are of theoretical interest 
rather than of practical worth. The data on the corrosion of 
iron in mineral acids, for example, are included for their value in 
developing theories of corrosion and in showing the relative 
importance of changes in composition or in conditions of exposure. 
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not with any idea of suggesting that iron might be a useful con- 
tainer for such materials. 

168. Data on Corrosion in Hydrochloric Acid. — Electrolytic 
iron dissolved rapidly in dilute hydrochloric acid according to 
Gray and Thompson (968) and to Evans (659) but only very slowly 
according to Tammann and Neubert. (948) EohnV 685) “pure” 
iron lost 0.5 g. per sq. dm. per day in 10 per cent HC1 at room 
temperature and 33.8 g. per sq. dm. in 1 hr. in hot 10 per cent 
acid. Lambert's iron C260) was attacked more readily by cold 



Fig. 67. Effect of concentration of hydrochloric acid on attack on Armco 

iron. (Endo.<? 74 >) 

dilute hydrochloric acid than by either nitric or sulphuric acid, 
and the attack was further increased by warming the solution, 
or by a slight change in composition of the metal. Hatfield C470 > 
found that electrolytic iron lost 0.0814 g. per sq. cm. during 
24 hr. in concentrated hydrochloric acid at 15°C. (60°F.). 

Ingot iron lost 0.01 g. per sq. cm. per hr. in N HC1, but this 
rate of loss was increased 70-fold by the presence of platinum in 
contact with the iron (Evans< 659 >). Endo< 774 > found that the 

presence of oxygen increased the rate of solution 70-fold in 0.005 
per cent HC1 and 15-fold in 5.0 per cent HC1, in comparison 
with the same acids, oxygen-free. The effect of concentration 
of hydrochloric acid on the corrosion of Armco iron, according to 
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Endo, is shown, in Fig. 67. The rate of corrosion of mild steel 
increased with increasing concentration of acid (Speller C6S6) ) and 
proceeded over 15 times as fast in the presence of oxygen as in its 
absence (Evans (659) ) ; in 10 per cent HC1 the rate of corrosion of 
mild steel increased two or three times with each 10°C. rise in 
temperature between 40 and 80°C. (105 and 175°F.) (Calcott, 
Whetzel, and Whittaker (501) ) ; the rate of solution of iron in 
hydrochloric acid increased with time, owing to increased porosity 
and consequently greater surface area as a result of corrosion 
(Rane and Prasad (626) ). 

The presence of chlorides of tin, chromium, or bismuth in 
19 per cent HC1 accelerated the attack of this solution on mild 
steel, according to Watts, C267) but the addition of sodium stannate, 
sodium chloride, or antimony sulphate retarded the attack. 
Rane and Prasad (626) found that the addition of alkaloids in 
amounts as low as 0.00033 g. per liter was remarkably effective 
in decreasing the rate of attack of N HC1 on iron. In order of 
increasing effectiveness they listed brucine, strychnine, cin- 
chonine, nicotine, codeine, cocaine, conine. These authors also 
discussed the inhibiting effect of additions of arsenious acid and 
agreed with the suggestion, previously offered, that the effect 
might be due to the protective action of a thin film of deposited 
arsenic. Warner <86S) concluded that inhibitors of the organic 
type such as gelatine, quinoline, aniline, and bases from petroleum 
fractions or from coal-tar oils functioned by increasing the over- 
voltage required for the deposition of hydrogen. Gray and 
Thompson^ 68) found that nitriding electrolytic iron in molecular 
nitrogen supplied temporary protection against hydrochloric acid 
although similar treatment in ammonia increased the solubility 
16 to 24 times over that of the untreated specimens. 

169. Data on Corrosion in Nitric Acid. — Cold dilute nitric 
acid had very little visible action on Lambert's iron C260) but warm- 
ing the acid, or a slight change in composition of the metal, 
resulted in increased corrosion. HatfiekTs C47o:) electrolytic iron 
was “readily soluble" in HN 0 3 of 1.20 sp. gr., losing 0.7165 g. per 
sq. cm. in 24 hr. Rohn's “pure" iron C685) lost 0.33 g. per sq. cm. in 
2 hr. in 10 per cent HNO3. Ingot iron lost 2.3 g. per sq. cm. per 
hr. in N HNO3, and the presence of platinum in contact with the 
iron made very little difference in this rate, according to 
Evans . ( 659:1 Speller c 68 6) found that the penetration of a mild steel 
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averaged 0.61 in. per year in 70 per cent HN0 3 and 1.82 in. per 
year in 1.2 per cent acid. 

The effect of concentration of nitric acid in the attack on 
Armco iron, according to Endo, C774) is shown in Fig. 68. Thomp- 
SOI1 (690) f otln( i that the rate of attack on electrolytic iron increased 
to a maximum between 25 and 45 per cent of acid, by weight, and 
then dropped sharply with increasing concentration up to 68 per 
cent. 



Fig. 68. — Effect of concentration of nitric acid on attack on Armco iron. 

(Endo.V™)) 

Evans C659) pointed out that the attack of nitric acid on iron 
was complicated as N 2 , NH 3 , N 2 0, NO, and NO 2 might be pro- 
duced, in proportions depending on the concentration of the acid, 
the degree of cold work, and the carbon content of the metal. 
Speller (686) observed that oxidizing acids such as nitric corroded 
relatively pure irons more rapidly than heterogeneous metals 
such as gray cast iron. The presence of oxygen slightly increased 
the attack of 1 per cent HNO 3 on Armco iron, but did not affect 
the rate of attack of 50 per cent acid, according to Endo. (774) 
Evans (659) stated that dilute nitric acid attacked iron readily but 
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concentrated nitric acid induced passivity; Endo C774) reported 
that nitric acid above 50 per cent hardly ever attacked iron. 

170. Data on Corrosion in Sulphuric Acid. — In general terms, 
Evans (659) stated that iron liberates hydrogen from sulphuric 
acid, more rapidly for impure iron than for metal of higher 
purity. Spcller : ’ s '“ : made the same statement and added that 
the corrosion of iron in sulphuric acid increased perhaps threefold 
for a 10° increase in temperature. 



Grams H 2 S0 4 per liter 

Fig. 69 . — Effect of concentration, of sulphuric acid on corrosion of electrolytic 
iron in intermittent immersion test. ( Fink and De Croly .< 827 )) 

Cold dilute sulphuric acid had very little visible action on 
Lambert's iron, C260) but warming of the acid or a slight change in 
composition of the metal resulted in increased corrosion. 

Electrolytic iron was slightly attacked by 10 per cent H 2 SO 4 
at 15°C. (60°F.), losing 0.0327 g. per sq. cm. in 24 hr., according 
to Hatfield ; C470) Burgess and Engle's electrolytic iron, (140) heated 
to 1000°C. (1830°F.) to remove hydrogen, sustained an average 
loss of 0.0014 g. per sq. cm. per hr. during an 11-hr. exposure to 
normal sulphuric acid; Bohn’s “pure" iron (685) lost 1.1 g. per 
sq. dm. in 24 hr. in 10 per cent H 2 S0 4 ; an average grade of 
electrolytic iron lost 1.3 g. per sq. dm. in 1 hour’s exposure to 
20 per cent H 2 SC> 4 ; C643) the maximum corrosion rate for electro- 
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lytic iron subjected to intermittent immersion in sulphuric acid 
of different strengths was reached at an acid concentration of 
about 400 g. per liter, according to the results of Fink and de 
Croly, CS27) reproduced in Fig. 69. In Burgess and Engle’s 
experiments C140) electrolytic iron in normal sulphuric acid cor- 



(Endo.WV) 

roded at the same rate as did transformer iron, but much slower 
than cast iron and plain carbon steel. In these experiments, 
electrolytic iron which had not been heated to remove hydrogen 
lost 10 times as much weight as did a similar piece from which 
the hydrogen had been removed. Stoughton (491) reported that 
in 22 hours’ exposure to 5 per cent H2SO4, a sample of mild steel 
lost 4.25, and wrought iron 18.5, times as much weight as did 
electrolytic iron. 
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Ingot iron, according to Evans, (659) lost 0.05 g. per sq. cm. per 
hr. in N H 2 SO 4 , and lost 20 times as much when it was immersed 
in contact with platinum. Abegg’s statement ^ 145 that Armco 
iron corroded at a maximum rate in 55 per cent acid, with no 
loss in weight in 90 per cent acid during 5 hr., was based on 
Endo’s results / 7745 shown in Fig. 70. The general shape of this 
curve resembles that of the curve for electrolytic iron, Fig. 69, 
but the two curves are not directly comparable, one being based 
on continuous immersion of Armco iron, the other on inter- 
mittent immersion of electrolytic iron. 

Endo found that the presence or absence of oxygen did not 
appreciably affect the corrosion of Armco iron in 95 per cent 
H 2 SO 4 , but did affect results in more dilute acids; for example, 
the presence of oxygen increased the rate of attack 14 times in 
5 per cent acid. Whitman and Russell c 6435 reported that the 
corrosion of mild steel in concentrated sulphuric acid might be 
greater in the absence than in the presence of dissolved oxygen, 
due to the passivifying action of dissolved oxygen. These 
authors also called attention to the effect of agitation; in 80 to 
100 per cent acid the corrosion of mild steel was slight when there 
was no agitation; in concentrations above 90 per cent the rate 
of corrosion was markedly increased by increasing the velocity, 
probably due to the removal or prevention of formation of sur- 
face films. 

Mechanical stress increased the rate of solution of steels of 
varying carbon contents, according to Endo. C776) In con- 
centrated commercial acid mild steel corroded steadily over 
periods up to 2500 hr. and in oleum at 20 to 30°C. (68 to 86 °F.) 
wrought iron corroded at the rate of 0.003 in. penetration per 
month, c 5015 

In general, the corrosion of iron in sulphuric acid was stimu- 
lated by the presence of various salts of copper and silver accord- 
ing to Watts and Knapp / 4555 but the addition of salts of tin or 
arsenic decreased the corrosive attack of sulphuric acid on mild 
steel. (267) The presence of aniline in 10 per cent H 2 SO 4 increased 
the hydrogen overvoltage and consequently decreased corrosion, 
according to Knowlton. (789) Warner C868) also ascribed to increased 
overvoltage the inhibiting action of small amounts of aniline, 
quinoline, petroleum bases, coal tar bases, and gelatine on the 
corrosion of low-carbon sheet iron in molal sulphuric acid. 
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171. Data on Corrosion in Phosphoric and Acetic Acids. — 

“Pure” iron lost 0.27 g. per sq. dm. in 24 hours' exposure to 
10 per cent H 3 P0 4 , according to Rohn/ 6S5) and Portevin and 
Sanfourehe (936) reported that iron of higher purity than industrial 
was attacked by various concentrations of phosphoric acid. 
Abegg C914) concluded that phosphoric acid dissolved very pure 
iron to some extent but that iron phosphates tended to form 
protecting films. 

“Pure” iron, according to Rohn, (685) lost 0.14 g. per sq. dm. in 
24 hr. in 10 per cent acetic acid. Speller C686) reported that mild 
steel in acetic acid, in the presence of oxygen, was corroded at 
about the same rate (approximately 0.5 in. penetration per 
year) in both 6 per cent and glacial acetic acid. 

172. Data on Corrosion in Acids in General. — Contact with 
another metal more noble than iron increases enormously the 
rate of solution in acids. Increased motion increases the rate of 
corrosion (422>626) and the presence of oxidizing agents frequently 
stimulates corrosion since the oxides of most metals are soluble 
in acids. (659) However, the stimulating effect of oxidizing agents 
is not so important with oxidizing as with non-oxidizing acids. C643) 
The presence of alcohol or any other material which interferes 
with dissociation lessens corrosion, and in strongly oxidizing 
acids such as nitric, chromic, chloric, and iodic acids solution 
is complicated by* passivity phenomena. C914) 

173. Corrosion in Alkaline Solutions. — Corrosion in alkaline 
solutions and corrosion in acids differ only in degree, and the 
effect of alkalinity probably depends mainly on decreased 
solubility of the hydroxides, according to Speller. C686) Evans C659) 
also believed that the reduction in solubility of ferrous hydroxide 
was responsible for the easy passivity of electrolytic iron in 
alkaline solutions. Evans pointed out that iron was appreciably 
attacked by a hot concentrated solution of caustic soda and was 
embrittled, possibly through hydrogen penetration, as a result 
of immersion in hot alkaline solutions. The caustic embrittle- 
ment of commercial iron, such as boiler plate, is well known. 1 

In some experiments of Friend C235) strips of “pure” iron were 
kept in sealed tubes, in contact with air and dilute ammonium 
hydroxide, for several years without the slightest change in 
appearance being observed. The same author subsequently 
reported (467) that the purer forms of iron remained unattacked 
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by solutions of hydrogen peroxide in dilute sodium or ammonium 
hydroxides, although oxygen was liberated from the peroxide. 

The following results of Friend (235) showed that high-purity 
iron, in the form of foil, was not damaged by immersion at room 
temperature in solutions of potassium hydroxide contained in 
open beakers : 


KOH, g. 
per liter 

Time, 

days 

Loss, 

g- 

0.0 

28 

0.0685 

2.8 

28 

0.0000 

28. 

28 

0 . 0001 

168. 

28 

0.0003 

Saturated 

21 

0 . 0002 


Similar conclusions regarding solutions of calcium hydroxide 
and sodium hydroxide were drawn by Friend (235) from the 
results of 22-day-exposure tests by Heyn and Bauer: 


Ca (OH ) 2 , 
g. per liter 

Loss, g. 

NaOH, g. 
per liter 

Loss, g. 

0.0 

0.0646 

0.0 

0.0653 

0.88 

0.0000 

10 

0.0002 

1.78 (saturated) 

0.0000 

100 

0.0005 



saturated 

0.0002 


174. Corrosion in Salt Solutions. — Results of corrosion tests 
in salt solutions are unusually variable even for corrosion tests. 
The action of LambertV 260) iron in solutions of alkali salts, in 
contact with air, was irregular. The metal corroded readily in a 
normal solution of sodium chloride, but sulphates and nitrates 
were less active than chlorides. If the metal was free from 
strains, it withstood attack by saturated solutions of copper 
salts, at ordinary temperatures, but dissolved completely if the 
temperature was raised to 100°C. (210°F.). 

The effect of dissolved salts may be intimately related to 
their effect on the solubility of the corrosion products, according 
to Whitman c 642 1644) and Evans. (659) The latter called attention 
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to tlie fact that rusting of iron in neutral solutions was accelerated 
by the presence of chlorides and was retarded by alkalies and by 
chromates. Chlorides in solution were particularly active 
in destroying passivity, and retained chlorides presumably 
were responsible for the rapid rusting of electrolytic iron from 
chloride baths as compared to similar iron from sulphate baths. 
Speller (6S6) concluded that magnesium chloride was the most 
harmful component of sea water used in marine boilers and that 
its objectionable effects resulted from a cyclic hydrolysis which 
liberated hydrochloric acid. 

Evans <659) found that iron was attacked less rapidly by drops 
of pure water than by drops of solutions of potassium chloride, 
nitrate, or sulphate. On the other hand, Friend and Brown (238) 
concluded that between 13 and 32°C. (55 and 90°F.), sodium 
chloride solutions of all concentrations exerted less corrosive 
action on iron foil than. did fresh water at the same temperature. 
At 13°C. (55°F.) sea water and fresh water were the same in 
corrosive action, but diluted sea water was more corrosive than 
either. (659) In his book, Friend (235) recorded that solutions of 
sodium chloride at room temperature and in the absence of air 
exerted no appreciable action on “pure” iron in 17 days. In an 
intermittent immersion test in 5 per cent NaCl solution, Fink 
and de Croly C827) found that electrolytic iron lost 0.461 g. per sq. 
dm. per day. Richardson (421) found that a 10 per cent solution 
of sodium chloride at rest was twice as corrosive as pure water to 
Armco iron, and the rate of attack was increased fourfold by 
agitation. 

The mechanism of corrosion of electrolytic iron in solutions 
of potassium chloride and sulphate was studied in detail by 
Evans. (825:) Heyn and Bauer seem to have been the first to call 
attention to the fact that the rate of corrosive attack does not 
vary directly with the concentration of salt solutions. Their 
conclusions regarding critical concentrations and varying rates 
of corrosion were substantiated by Friend and Brown (237) and by 
Endo, C774) working with a variety of chlorides, nitrates, sulphates, 
alums, chromates, etc. Endo found that for solutions of non- 
oxidizing salts the effect of adding oxygen became greater with 
increasing concentration below 0.1 g. molecule, but in solutions 
of oxidizing salts such as potassium nitrate the effect of oxygen 
was almost constant, independent of concentration of the salt. 
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A study of the influence of added salts on the rate of corrosion 
of iron in salt solutions was reported recently by Tddt. (1072) 

Ammonium salts of mineral acids are remarkably corrosive, 
particularly ammonium nitrate which probably contributed to 
the corrosive qualities of rain water, according to Friend/ 2355 
These salts probably hydrolyze to liberate free acids. Pollitt (5765 
agreed that the corrosive action of rain water was due to the 
presence of dissolved substances, including oxygen. 

Calcium or magnesium salts in natural waters may be either 
beneficial or detrimental in their effect on corrosion. The 
effect of the presence of magnesium chloride in sea water has been 
mentioned. Evans (777) pointed out that the rust produced by 
hard waters contained calcium and magnesium compounds and 
obstructed diffusion of oxygen to the metal, thereby reducing the 
rate of corrosion. The presence of magnesium sulphate at 
ordinary temperatures always reduced the rate of corrosion of 
half immersed specimens/ 7775 On the other hand, Speller C450) 
cited the fact that Great Lakes water with about 8 grains of 
calcium carbonate per gallon was very much more corrosive 
to iron than was New York City water containing 1 or 2 grains 
of carbonates, both having about the same amount of dissolved 
oxygen. A recent report ( 10225 described the study of the cor- 
rosion of Armco iron under carefully controlled conditions, in a 
relatively hard tap water in which the rust, formed on the speci- 
mens, contained an appreciable quantity of calcium carbonate. 

The catalytic action of soluble salts of iron on progressive 
rusting was discussed by McCulloch/ 6775 and Worth/ 4605 reported 
a case of unusual corrosion, in a steam boiler, which was finally 
traced to the presence of soluble iron bicarbonate in the 
water. 

175. Miscellaneous Corrosive Agents. — Exposure to sunlight 
increases aqueous corrosion of iron. Endo (774) found that Armco 
iron, in distilled water, was definitely corroded to a greater 
extent when exposed to the sunlight, in comparison with experi- 
ments conducted in the shade. 

Iron is subject to corrosion by many solutions aside from 
the ordinary acids and salts. For example, Kutter C841) found 
that iron was strongly corroded by both beer and wort, and 
Winkelmann (7545 reported that iron was corroded by various 
fungicide solutions particularly those of mercury. It has been 
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reported^ 1043) that huckleberry swamp water, which is high in 
organic acids, is unusually corrosive to structural iron. 

176. Summary of Corrosion in Aqueous Solutions. — Even 
the purest iron dissolves to a slight extent in pure water in the 
absence of oxygen and rusts in pure water in the presence of 
oxygen. In general, iron is subject to corrosion in aqueous 
solutions of acids, alkalies, and salts. The rate and extent of 
corrosion vary with a number of factors including hydrogen-ion 
concentration, presence of oxygen, agitation, temperature, 
and nature and concentration of the solution. Some degree of 
protection may result from passivity or from the formation of 
protective films but these factors, and the effect of purity and 
homogeneity in the metal, are usually of slight importance in 
submerged corrosion. 

D. UNDERGROUND CORROSION 

No information has been found on the subject of underground 
corrosion of high-purity iron. The results obtained in an 
extended investigation by the National Bureau of Standards ( 106 15 
are probably typical of underground corrosion tests of com- 
mercial irons and steels. 

Underground corrosion combines factors of atmospheric and 
underwater corrosion and introduces some new ones, such 
as electrolysis from stray currents. Attack is usually accom- 
panied by marked pitting. The amount of dissolved oxygen 
varies widely but is usually rather limited. Ordinary differences 
in composition of the metal are definitely less important than 
differences in locality and nature of the soil (Tiemann/ 1032) 
Speller, (686) Logan, Ewing, and Yeomans (794) ). 

The reports of the National Bureau of Standards 7 ' investiga- 
tion^ 87 ’ 794 - 843 ’ 929 ’ 1016 ’ 10613 indicate that, in the presence of so many 
variables, the rate of corrosion of any metal cannot be accurately 
expressed by a single figure or group of figures; that current 
density, concentration cells, moisture, and chemicals in the soil 
have marked effects; temperature variation and depth of burial 
have no particular effect; the effect of oxygen is particularly 
marked in affecting the end products of corrosion; variation in 
composition is relatively unimportant. 

Ferrous materials are subject to corrosion underground. 
If high-purity iron were similarly exposed, it too would probably 
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corrode, especially as the conditions of underground exposure 
are not conducive to the development of passivity. 

E. EFFECT OF IMPURITIES AND ADDED ELEMENTS ON 
CORROSION OF IRON 

In this discussion of the effect of other elements on the corrosion 
of iron, consideration has been limited, in general, to amounts 
which might be considered as impurities rather than as alloys of 
iron. However, consideration of some data from the field of 
alloys of iron necessarily has been included, as have data for 
commercial forms of iron. The discussion is given according to 
the alphabetical order of the elements. 

177. Aluminum. — Aluminum readily enters into solid solu- 
tion in iron. C802) Data on the effect of aluminum on the corrosion 
of iron are limited; Pollitt (576) reported that less than 1 per cent 
of aluminum in “pure” iron did not change the corrosion rate; 
Burgess and Aston C274) found that 1 per cent or less of aluminum 
decreased the rate of corrosion of electrolytic iron in 20 per cent 
H 2 SO 4 but was without effect in atmospheric corrosion. 

Limited data indicate that small amounts of aluminum do 
not affect the corrosion of iron to an appreciable extent. 

178. Arsenic. — Alloys of electrolytic iron and from 0.292 to 
3.562 per cent arsenic were prepared by Burgess and Aston. <274) 
The presence of small amounts of arsenic did not affect the rate 
of atmospheric corrosion to an appreciable extent but did improve 
the resistance to 20 per cent H 2 SO 4 . Tollitt <576) stated that 
conclusive evidence regarding the effect of arsenic on corrosion 
was not available, and called attention to the fact that the 
arsenic content of steel usually is very low. The experiments of 
Heyn and Bauer, showing that iron suffered from increased 
attack by 1 per cent H 2 S0 4 after being heated in arsine, were 
cited by Friend, (235) with the comment that the product of this 
treatment was hardly an arsenical alloy. 

The presence of arsenic salts in solution reduced the corrosion 
of iron in dilute sulphuric acid, possibly owing to high overvoltage 
of hydrogen on a deposited film of arsenic. It failed to protect 
iron from corrosion by an acid solution of ferric chloride, which 
corrodes iron without the evolution of hydrogen. (659) 

The amounts of arsenic ordinarily present in iron or steel 
probably are without effect on corrosion. 
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179. Carbon. — Very little carbon can be retained in solid 
solution in alpha iron at room temperature. Consequently, 
the presence of carbon usually means the presence of another 
phase with an increase in tendency to corrode. The importance 
of the state of combination of the carbon, in affecting the rate 
of solution, was pointed out by Endo, (775) Evans, (659) Pollitt, C576) 
and Abegg; C914) Friend (235) confirmed the conclusion of Heyn and 
Bauer, that a completely troostitic structure was least resistant 
to corrosion. Pollitt (576) reported that the corrodibility of 
annealed steels increased with increasing carbon up to about 



0.89 per cent, but that the corrodibility of quenched and tempered 
steels did not vary with the carbon content. 

The corrodibility of iron or steel in sea water and in tap water 
increased with increasing carbon content to a maximum near 
0.9 per cent according to Friend, (235,608} but Evans <659) found this 
increase to be slight, and Speller (686) considered the increase due 
to carbon, within the range of carbon content of structural 
steels, as comparatively unimportant in immersion under wrnter. 

Carbon in amounts under 0.20 per cent had little influence on 
the corrodibility of iron;< 1032) carbon between 0.1 and 0.25 per 
cent did not affect the rate of solution of electrolytic iron in 
hydrochloric acid, but above 0.25 per cent the attack increased 
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slowly with increasing carbon, up to about 0.9 per cent. C948} 
Evans C659) believed that the rate of attack of iron by dilute acids 
increased with increasing carbon up to about 0.9 per cent, but 
Aitchison (323;> reported that variation of the carbon from 0.07 to 
1.46 per cent produced irregular variations in the corrosion in 
dilute sulphuric acid and in sodium chloride solutions. 

The results of Endo/ 775) presented in Fig. 71, show that 
increasing carbon, up to 1.0 per cent, increased slightly the 
rate of corrosion of a Swedish iron which was exposed for 5 hr. 
in 5 per cent HNO 3 but that the increase was hardly noticeable 
in 5 per cent HC1 or H 2 SO 4 . This Swedish iron contained 
0.08 per cent manganese, 0.09 per cent silicon, 0.024 per cent 
phosphorus, and 0.0065 per cent sulphur. 

Apparently, small amounts of carbon, 0.2 per cent or less, 
are of negligible importance to the corrodibility of iron. Larger 
amounts increase the tendency to corrode, the extent of the 
increase being affected by the state of combination of the carbon. 
Carbon may affect the influence of other elements, such as 
manganese, on corrosion. 

180. Chromium. — Information regarding the effect of small 
amounts of chromium on the corrosion of iron is limited. Chro- 
mium tended to retard corrosion in neutral solutions, accord- 
ing to Friend. (508) Hatfield (470) reported that an increase of 
chromium from 0.14 to 0.5 per cent in a 3 per cent nickel steel 
decreased corrosion in hydrochloric acid and sulphuric acid, 
and particularly in nitric acid. Guertler and Ackermann (782) 
found that the first additions of chromium had no noticeable 
effect on the attack by hydrochloric acid but slightly increased 
the attack by dilute sulphuric acid. Two per cent chromium 
increased the rate of solution of Endows Swedish steel (775) in 5 per 
cent HC1 and 5 per cent H 2 S0 4 but decreased the attack of 5 
per cent HN0 3 . Two per cent chromium in iron slightly 
increased corrosion in 3 per cent NaCl, according to Aitchison. C323) 

181. Cobalt. — One per cent cobalt decreased the corrosion 
of a readily corrodible electrolytic iron in atmospheric exposure 
and in 20 per cent H 2 S0 4 . C274) Two per cent increased corrosion 
in 5 per cent HC1 and 5 per cent H 2 S 04 but decreased corrosion 
in 5 per cent HNO 3 , according to Endo. (775) On the other 
hand, Aitchison C323) reported that 2 per cent cobalt produced 
some benefit on the corrosion rate in dilute sulphuric acid and 
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exerted no effect in 3 per cent Nad. Larger amounts of cobalt 
apparently slightly decreased the corrosion rate in the atmos- 
phere, in sea water, and in tap water, but the effect was less than 
that of equal amounts of nickel. c 57 6 1 686 ’ 103 2) 

Small amounts of cobalt may be slightly beneficial in their 
effect on the corrosion of iron in the atmosphere and in mildly 
corrosive aqueous solutions. In acid solutions the presence of 
small amounts of cobalt appears to be detrimental more often 
than beneficial. 

182. Copper. — The effect of small copper contents on the 
corrodibility of ferrous materials has occasioned more discussion 
than that of any other element. C273i428,432 ' 469) The results of 
extensive investigations of the subject, both in this country and 
abroad, are discussed in detail by Gregg and Daniloff (1055) in 
another volume of this series of monographs ; the following brief 
summary is quoted largely from their conclusions. 

The use of copper as an alloying element in steel does not 
“ solve the corrosion problem” or produce a “rustless steel.” 
The order of improvement produced by copper is a relatively 
small one compared with that obtained by the use of large 
amounts of chromium in the so-called “stainless steels.” More- 
over, the improvement in corrosion resistance caused by copper 
is obtained only under some, but not all, corrosive conditions. 
Nevertheless, the prolongation of the life of a steel article under 
atmospheric exposure by approximately 50 per cent and at the 
slight cost of adding a few tenths of 1 per cent of copper is of 
marked economic advantage. 

The resistance of ferrous materials to atmospheric corrosion 
increases rapidly as the copper content increases to 0.25 per 
cent, but further increase has little influence on the rate of corro- 
sion. The presence of copper does not prevent initial corrosion 
of the surface but the surface coating, once it is formed, furnishes 
better protection to the underlying metal than is afforded by the 
coating on copper-free material. The protective action is due 
to the continuity and adherence of the film which forms on 
copper-bearing iron or steel; the action may become injurious 
if the film is not continuous over the entire surface. 

The results of tests of the influence of copper in underwater 
corrosion are not in good agreement, particularly for sea-water 
tests. In general, the influence of copper is considerably weaker 
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than in atmospheric tests; the results apparently may be influ- 
enced by the external test conditions in such a way as to deflect 
the conclusion to one side or the other, i.e ., to condemn copper 
as a harmful element, or to claim for it beneficial effects. 

In underground corrosion the effect of external factors far 
exceeds the influence of small variations in the content of common 
elements, including copper, usually present or alloyed with iron 
or steel. 

183. Gold. — Any amount of gold between 0.01 and 2.0 per 
cent markedly increased the corrosion of electrolytic iron in 3N 
H2SO4, according to Tammann and Neubert. C94S) The presence 
of a noble metal such as gold would be expected to increase the 
corrosion of iron, unless the gold were present in solid solution. 

184. Hydrogen. — The presence of hydrogen in electrolytic 
iron increased the rate of attack by acids, but the hydrogen 
could be removed by heating, according to Burgess and Engle. (140) 
As Speller (686) pointed out, practically nothing is known from the 
corrosion standpoint of the effect of gaseous elements dissolved 
in the metal. 

185. Inclusions. — Through the use of the ferroxyl indicator, 
Cobb C232) found that iron was definitely anodic to most of its 
impurities, including phosphide, sulphide, carbide, oxide, and 
silicate of iron, and particularly to graphite. Iron also was 
anodic to all of the ferroalloys tested, except ferromanganese. 
These results apparently showed that the presence of any 
impurity as a separate phase would tend to increase the corrosion 
of the specimen. However, it must be remembered that the 
reliability of the ferroxyl indicator has been questioned, for 
example by Walker (168) and by Bancroft. (545) 

Sulphide inclusions have long been considered objectionable 
on the ground that they stimulate galvanic activity and, when 
oxidized, form sulphurous or sulphuric acid. <235) However, 
recent work by Homer C972) and by Tronstad and Sejersted (1034) 
indicated that not all sulphide inclusions were equally objection- 
able and that a large portion of the sulphide particles were- nearly 
or completely inert. Homer reported that in distilled water, tap 
water, and in some salt solutions, corrosion always began 
adjacent to certain sulphide inclusions or embedded scale. 
Silica and alumina inclusions apparently were inert. Corrosion 
in sodium chloride solutions and in sea water apparently was 
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independent of inclusions other than embedded scale. The 
addition of sodium carbonate to certain aqueous solutions 
localized the corrosive attack at inclusions. 

Cinder and slag inclusions in small amounts had no effect on 
the atmospheric corrosion of wrought iron, although a beneficial 
effect was evident if the amount of inclusions exceeded 2 per cent, 
according to Speller. (686) Friend and Thorneycroft (608) believed 
that the beneficial effect of slag inclusions in wrought iron was 
probably due to the fact that corrosion pits stopped when they 
encountered a slag inclusion but continued indefinitely in the 
absence of slag. 

A secondary but important effect of inclusions on the rate of 
corrosion was pointed out by Evans. (659) There are likely to be 
cavities where inclusions occur, partly owing to the difference in 
contraction during cooling, partly to the low adhesional forces 
between metallic and non-metallic materials, and partly (in 
worked metals) to the absence of malleability in some types of 
inclusions. Corrosion is prone to begin and to persist in these 
cavities to which oxygen has slight access, provided that there 
are adjacent areas to which oxygen can penetrate freely. Cor- 
rosive attack on iron frequently follows slag lines. 

Apparently, non-metallic inclusions are objectionable from a 
corrosion standpoint for two reasons; first, some of them stimu- 
late galvanic activity, and second, even chemically inert 
inclusions may be accompanied by minute cracks and cavities in 
which the objectionable pitting form of corrosion can develop. 

186. Iron Oxides (Rust). — In exposure to the atmosphere or 
to intermittent immersion tests, the first product of the corrosion 
of iron is ferrous oxide or hydroxide which is subsequently 
oxidized to the corresponding ferric compounds. The outer 
surface of a film of rust therefore is rich in ferric iron, the inner 
surface is rich in ferrous iron. (1068) Soderberg C943) showed that 
similar reactions occur in some cases of immersed corrosion. 
Rust was considered by Friend (235) to be a powerful stimulant to 
corrosion; Fe 3 0 4 , produced by heating iron in air at elevated 
temperatures, being less active and less adherent than Fe 20 3 . 

A continuous film of adherent rust may supply an appreciable 
amount of protection to the underlying metal. For example, 
Speller C686) found that the removal of mill scale from old wrought 
irons was followed by prompt rusting of the exposed areas. 
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On the other hand, a non-continuous film of rust may promote 
corrosion. Aston C345) was apparently the first to call attention 
to the fact that rust and other inert substances which exclude 
oxygen from the surface render the underlying iron anodic and 
the areas to which oxygen has freer access cathodic. Evans (659) 
pointed out that the presence of rust may further corrosion in 
either of two ways; a compact layer of dried rust often tends to 
protect the metal just below r it and to promote attack upon the 
adjacent areas; fiocculent wet rust is usually favorable to the 
continued eating away of the metal underneath it. Vernon (1035) 
reported that rusting can occur at humidities below the dew 
point, provided ferric hydroxide is present on the iron. His 
explanation is that, for humidities of more than 65 per cent, the 
capillaries of the ferric hydroxide gel fill with water as a result of 
capillary attraction, and this water then is free to pass to the 
surface of the metal. If the humidity is less than 65 per cent, 
water forms in the capillaries but does not fill them and conse- 
quently is not available to cause rusting. 

Rust which completely covers the surface of iron with a con- 
tinuous film may afford some measure of protection to the 
underlying metal, but rust which covers only a portion of the 
surface promotes corrosion, not only of the adjacent bare metal 
but in some cases of the metal already covered by the rust. 

187. Lead. — The addition of 0.06 per cent of lead to Burgess 
and Aston’s electrolytic iron improved the resistance to atmos- 
pheric corrosion but had no effect on the corrosion in 20 per cent 

h 2 so 4 . C2743 

188. Manganese. — Manganese was formerly considered objec- 
tionable from the standpoint of resistance to corrosion, C235) but 
the decrease in resistance to corrosion may have been due to 
manganese sulphide, (209,352,576 ’ 686) or to manganese oxide, C686) 
rather than to metallic manganese. The effects of manganese 
are influenced by the carbon content. C775) Beneficial* effects of 
manganese were reported by Tiemann (1032) for corrosion in 
general; Burgess and Aston (274) reported that additions of 
manganese, even in small amounts, decreased the corrosion of 
electrolytic iron in the atmosphere or in 20 per cent H 2 SO 4 ; 
Hadfield and Friend (352) found that manganese up to 2 per cent 
decreased corrosion in tap water and sea water but increased the 
corrosion in dilute sulphuric acid ; Friend (508) found that increasing 
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the manganese content from 0.1 to 0.9 per cent did not greatly 
affect corrosion in sea water but increased appreciably the cor- 
rosion in dilute sulphuric acid. Two per cent manganese had 
very little effect on corrosion in 5 per cent HC1, H 2 SO 4 , andHN0 3 , 
according to Endo, (775) but Utida and Saito (638) found that an 
increase of manganese from 0.95 to 4.36 per cent increased 
corrosion in 10 per cent HC1, HlSTOs, and H 2 SO 4 . 

Manganese in the amounts usually encountered did not affect 
corrosion 50 30 in the absence of sulphur it was not objection- 
able ; C352) up to 0.5 per cent it had no definite effect in the absence 
of manganese oxide and sulphide, but when manganese was 
associated with unusually high sulphur the rate of corrosion was 
accelerated, particularly in acid media and in the air. (68G > 

The effect of manganese up to 0.5 per cent is probably not 
important in the corrosion of iron. In the presence of sulphur, 
carbon, or oxygen the effect of manganese is not beneficial. 

189 . Mercury. — The effect of amalgamation of iron is similar 
to that of zinc but is less permanent. Evans C659) found that 
amalgamated iron withstood attack by 15 per cent H 2 SO 4 for a 
day or two but the protective effect may vanish quite suddenly, 
probably because mercury spontaneously gathers together in 
globules. 

190 . Molybdenum. — More than 1 per cent molybdenum exerted 
a harmful influence on the corrosion rate in intermittent 
immersion tests but, in amounts up to 4 per cent, molybdenum 
was without appreciable effect on corrosion in tap water, salt 
solutions, and dilute sulphuric acid, according to Speller. <686) 
However, Friend and Marshall, (302) Aitchison, (322) and Endo (775) 
found that 2, 3, or 4 per cent molybdenum increased the rate of 
attack in dilute acids, in salt solutions, and in intermittent 
immersion tests. In another volume of this series of mono- 
graphs, Gregg (969) pointed out that molybdenum lies between 
tungsten and chromium in the periodic arrangement of the 
elements but is less noble than tungsten and does not become 
passive like chromium; consequently, it would not be expected 
to produce a marked increase in the resistance to chemical attack. 
However, Eisenkolb (1051) recently reported that the beneficial 
effect of 0.33 per cent copper, in resistance to atmospheric 
corrosion, is further increased by the addition of 0.08 per cent 
molybdenum. 
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191. Nickel. About 1 per cent nickel was beneficial in 
atmospheric corrosion of iron, according to Pollitt CS765 and to 
Burgess and Aston/ 2745 Tiemann ( 10325 concluded that in atmos- 
pheric corrosion the effect of nickel was similar to that of copper, 
except that probably more nickel was required. Friend C235) 
found that 0.2 per cent'nickel was without effect in the corrosion 
of steel. 

In acid corrosion, Pollitt< 5765 and Burgess and Aston C274) found 
that 1 per cent nickel was effective. The first additions lowered 
the rate of solution of iron in dilute nitric and sulphuric acids 
but did not affect the rate of solution in hydrochloric acid, accord- 
ing to Guertler and Ackermann/ 7825 However, Endo C7755 reported 
that 2 per cent increased the rate of solution in dilute hydro- 
chloric and sulphuric acids but decreased it in dilute nitric acid, 
and Utida and Saito (638) concluded that nickel decreased corrosion 
in all three acids. Aitchison (323) found that less than 3 per cent 
of nickel increased corrosion in 3 per cent NaCI and in dilute 
sulphuric acid, but Friend (508) reported possibly a slight benefit 
from 2 to 3 per cent. 

Nickel does not produce pronounced resistance to corrosion in 
iron although the presence of small amounts is of some benefit in 
atmospheric corrosion. Speller c 6865 concluded that a minimum 
of about 3 per cent was necessary to produce a definite effect, 
and Friend c 5085 pointed out that even Invar is subject to attack 
in rather mild corrosive media. 

192. Nitrogen. — There is practically nothing known, from 
the corrosion standpoint, of the effect of the presence of gaseous 
elements dissolved in the metal, according to Speller/ 6865 Aup- 
perle (496) found some evidence that atmospheric corrosion 
increased directly in proportion to the nitrogen content. 

Nitriding processes, which consist in subjecting steel of the 
proper composition to the action of a nitrogeneous medium 
(usually ammonia gas) at elevated temperatures, produce a 
nitrogen-rich surface layer which, in addition to wear resistance, 
surface hardness, and retention of hardness at elevated tempera- 
tures, exhibits resistance to certain types of corrosion. The 
nitrogen content of a nitrided case may be several per cent in 
contrast to the few thousandths, or at most one or two 
hundredths, of 1 per cent of nitrogen which is present in ordinary 
steel. According to Homerberg (100 65 nitrided steel is resistant to 
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alkali, atmosphere, crude oil, natural gas combustion products, 
tap water, still salt water, and to oxidation and corrosion in 
superheated steam; is slightly attacked in aerated salt water and 
in intermittent exposure to salt water; is not adapted for use in 
mineral acids such as sulphuric and hydrochloric. Homerberg 
emphasized the point that the maximum resistance to corrosion 
is shown by the outermost layers of the nitrided case. Conse- 
quently, nitrided specimens should not be ground after the 
nitriding operation if maximum resistance to corrosion is desired. 

193. Phosphorus. — Phosphorus, particularly if present in 
large amounts, has been considered objectionable from the 
standpoint of corrosion resistance. (209,235,501) In Endows experi- 
ments^ 755 phosphorus up to about 1 per cent seemed to increase 
the rate of solution of Swedish steel in 5 per cent HC1 and 5 per 
cent H 2 S0 4 but decreased the solubility in 5 per cent HNO3. 
Other investigators, for example Speller/ 6865 concluded that 
phosphorus had very little influence on corrosion. It was 
reported recently c 1034) that phosphorus, between 0.011 and 0.03 
per cent, being present mainly in solid solution, produced no 
appreciable effect on corrosion in 2 N NaCl solution. Tie- 
mann (1032) reported that 0.10 per cent phosphorus may increase 
the resistance to atmospheric corrosion, and Friend (235) found that 
additions of phosphorus, up to 1 per cent, decreased corrosion in 
sea water. Pollitt (576) concluded that phosphorus appeared to 
be beneficial rather than otherwise but called attention to the 
harmful effects of segregation. A reference has been encountered 
to a French patent (I. G. Farbenindustrie A. G., French Patent 
704,854, November 3, 1930) for preservation of iron from rusting 
based on heating to between 300 and 900°C. (570 and 1650°F.) 
for about 24 hr. in a non-oxidizing atmosphere which contained 
either elemental phosphorus or a compound such as phosphine. 

Phosphorus, formerly considered objectionable, may be 
beneficial in some cases. Amounts of phosphorus retained in 
solid solution in iron probably have little, if any, effect on 
corrosion. 

194. Selenium. — A small amount (0.017 per cent) of selenium 
decreased corrosion in 20 per cent H 2 S0 4 but increased atmos- 
pheric corrosion of Burgess and Aston's electrolytic iron. C274) 

195. Silicon. — A silicon content of 0.233 per cent slightly 
increased corrosion in 20 per cent PI2SO4 but had no effect on 
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atmospheric corrosion of Burgess and Aston’s electrolytic iron. C274) 
Endo (775) found that 2 per cent silicon in Swedish steel gave a 
minimum rate of solution in 5 per cent HC1 and 5 per cent H 2 S0 4 , 
but had little effect in 5 per cent HNO3. Evans C659) quoted these 
and other results and concluded that silicon decreased corrosion 
in hydrochloric, nitric, and sulphuric acids. Small amounts of 
silicon definitely improved the resistance of iron exposed in air 
at 1100°C. (2010°F.), according to Utida and Saito. (63S) * 



Less than 0.10 per cent silicon had no effect on corrosion 
according to Tiemann, (1032) but Pollitt (576) believed that less 
than 2.5 per cent silicon may actually increase corrosion and 
that the normal silicon content of steel probably had little 
effect, although that effect was more likely to be bad than good. 
Speller’s results c 68 6) indicated that corrosion in immersion tests 
was not increased by silicon up to 3 per cent. Kowalke (380) 
reported that alloys of electrolytic iron with less than 5 per cent 
silicon were readily attacked by dilute sulphuric, hydrochloric, 
nitric, acetic, and citric acids. The conclusion reached in the 
recent monograph on “The Alloys of Iron and Silicon ” (1000) is 
that the effects of silicon, below about 15 per cent, are variable 
and not important in corrosion. 
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Apparently definite beneficial effects of silicon, in resistance 
to corrosion, are obtained only from high silicon contents. 

196. Silver. — Silver contents between 0.28 and 0.69 per cent 
had very little effect on the rate of corrosion of Burgess and 
Aston’s electrolytic iron, in the atmosphere and in 20 per cent 

h 2 so 4 . (274) 

197. Sulphur. — A number of investigators agreed that sulphur, 
in appreciable amounts, stimulated corrosion, both atmospheric 
and in acids (235 * 501 ’ 659,775,1032 ' 1034) and that sulphide inclusions 
were particularly effective in stimulating localized corrosion 
through galvanic action/ 235 ’ 576 ’ 950,972, 10345 The results obtained 
by Endo C775) for the effect of sulphur on the corrosion in 5 hr. of 
Swedish iron in dilute acids are shown in Fig. 72. The corrosion 
rate in the atmosphere increased directly with the sulphur con- 
tent, according to Tiemann/ 10325 and in general corrosion, accord- 
ing to Pollitt/ 5765 Other authorities^ 015 stated that sulphur 
may increase corrosion if present in sufficiently large amounts. 
Speller <686) believed that the harmless percentage of sulphur was 
uncertain and was influenced by other constituents, but that 
moderate amounts (perhaps 0.06 per cent) had very little influ- 
ence on atmospheric or neutral-water corrosion, although the 
effect might become noticeable in acid waters. The bad influence 
of sulphur may sometimes be neutralized by the presence of 
copper. 

The presence of high sulphur, and particularly of sulphide 
inclusions, increases the corrosion of iron. The effect of low 
sulphur contents, 0.1 per cent or less, has not been definitely 
determined. 

198. Tin and Titanium. — Tin contents as low as 0.29 per cent 
decreased the corrosion in 20 per cent H 2 S0 4 and in the 
atmosphere, of Burgess and Aston’s electrolytic iron/ 2745 

Increasing titanium from 0.1 to 0.9 per cent slightly increased 
solution of Swedish steel in 5 per cent HC1, HNO3, and H 2 S0 4 
according to Endo, (775) as shown in Fig. 73. 

199. Tungsten. — Small amounts of tungsten, 1 per cent or 
less, decreased the corrosion of electrolytic iron in 20 per cent 
H 2 S0 4 andin the atmosphere, according to Burgess and Aston; C274) 
decreased corrosion in 10 per cent HC1, 10 per cent HN0 3 , 
10 per cent H 2 S0 4 , and in air at 1100°C, ; C63S) and decreased the 
rate of solution of Endo’s Swedish steel in 5 per cent HC1, 5 per 
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cent HN0 3 , and 5 per cent H 2 S0 4 . C775) Aitchison’s results C3 - 3) 
indicated that 2 per cent tungsten was without appreciable 
effect on corrosion in sea water and tap water, and Friend (50S) 
concluded that 0.4 per cent tungsten did not affect the corrodi- 
bility of a nickel-chromium steel. The effect of tungsten on the 
corrosion resistance of steels is discussed in more detail in a 
companion monograph in this series. (1054) 



Fig. 73. — Effect of titanium on corrosion of Swedish iron in acids. (EndoM 7 ^) 

Small amounts of tungsten, if they affect the corrosion rate 
at all, tend to increase the resistance to corrosion. 

200. Vanadium. — The presence of 0.7 per cent vanadium 
had no effect on the corrosion of iron immersed in tap water, 
3 per cent NaCl solution, or sea water. (323 ’ 686) In acid solutions 
vanadium appeared to exert a detrimental effect, 1 per cent 
increased corrodibility in 5 per cent HNO3 and considerably 
increased the attack of 5 per cent HC1 and 5 per cent H 2 S0 4 on 
Endows Swedish steel. (776) The presence of 0.7 per cent or more 
did not exert an appreciable effect on corrosion in 1 per cent 
H 2 S0 4 but was detrimental in 10 per cent H 2 S0 4 . C323) Corro- 
sion was apparently accentuated by increasing vanadium. (576) 
Vanadium in amounts up to 5.4 per cent formed carbides, and 
increased corrosion. c 659) 

At best, vanadium is neutral in its effect on the corrosion of 
iron. It does not improve the resistance of iron to corrosion and 
in at least some cases it increases the corrodibility. 
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201. Summary of Effect of Impurities. — Generalities regarding 
the effect of impurities or added elements on the corrosion of 
iron are unsatisfactory. Evans^ 659 ^ believed that added elements, 
such as chromium, nickel, or cobalt, which mainly entered into 
solid solution in the iron, tended on the whole to reduce corrosion 
in dilute sulphuric acid and sodium chloride solutions, but that 
elements such as vanadium, molybdenum, and tungsten, which 
mainly entered the carbide phase, did not appreciably reduce 
corrosion. In contrast to this view, Aitchison< 323 > concluded 
that the first additions of carbon, tungsten, chromium, cobalt, 
vanadium, nickel, or copper generally increased corrosion in tap 
water, in dilute sulphuric acid, or in sodium chloride solutions. 
Tiemann <1032) concluded that appreciable protection to iron was 
achieved only by the presence in solid solution of a considerable 
quantity of another element. 

The divergence of opinion among different investigators in 
regard to the effect of small amounts of specific impurities appar- 
ently means that the effect of these impurities is less than the 
notoriously poor reproducibility of corrosion experiments. The 
effect of approximately 0.2 per cent copper on the corrosion of 
iron in the atmosphere is the one outstanding case of a beneficial 
effect from a small amount of added element and even in this 
case, the improvement is not due to an increased resistance to 
initial attack. Copper-bearing irons and steels rust rather 
rapidly at first during exposure to the atmosphere, but the type 
of rust coating which is produced serves to retard or to prevent 
further rusting, whereas in copper-free material subsequent 
attack is not retarded and may even be accelerated by the 
presence of rust. 

F. AUTHORS 5 SUMMARY 

Iron is not inherently resistant to corrosion. A fundamental 
cause for the corrosion of iron in the presence of water is that 
the solution pressure of iron is greater than that of hydrogen, 
which means that iron tends to dissolve in aqueous solutions 
with displacement of hydrogen ions. The extent of this tendency 
is indicated by the single potential of iron which is —0.44 volt 
with reference to the normal hydrogen electrode. The one inher- 
ent quality in iron, which promotes corrosion resistance, is the 
tendency to form passive films which protect the surface from 
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further attack. This tendency is particularly evident in very 
pure irons, but even in this case passivity cannot be depended 
upon for permanent protection against corrosion. 

The effect of purity, in comparison of very pure irons with 
commercial products or in comparison of different grades of 
commercial products one with another, usually is less important 
than the effect of external conditions. Real resistance to cor- 
rosion is obtained only by the incorporation of considerable 
amounts of added elements, such as silicon in cast irons, or 
chromium and nickel in stainless steels, but even these products 
are not universally resistant to corrosion. The corrosion resist- 
ance of iron may be summarized in two words — iron rusts. 



CHAPTER X 


MECHANICAL PROPERTIES 

Tensile Properties — Elastic Properties — Strength in Compression — 
Hardness — Resistance to Impact — Resistance to Fatigue — Properties 
at High and Low Temperatures — Plastic Deformation — Authors’ 
Summary 

This review of the literature on the mechanical properties 
of high-purity iron includes data on three types of material: 
(1) electrolytic iron, (2) commercial ingot iron, and (3) single- 
crystal specimens of high-purity iron. In some instances enough 
information is available on electrolytic iron to give a sufficiently 
complete view of the properties under consideration. In other 
instances it is necessary to substitute for, or to supplement, 
these data with experimental results obtained on commercially 
pure ingot iron. It is not the purpose of this review, however, 
to discuss exhaustively the mechanical properties of open-hearth 
ingot iron. 

The properties of single crystals of iron are so obviously the 
fundamental properties of polycrystalline aggregates of iron and 
its alloys that they deserve detailed consideration whenever 
such information is available. 

A. TENSILE PROPERTIES 

In the ensuing discussion of tensile properties of iron definitions 
which have been used in preceding monographs of this series 
have been adopted. The property reported in the literature 
as elastic limit, proportional limit, or yield point has been desig- 
nated yield strength if it was considered to represent the stress 
at which the material exhibited a specified limiting permanent 
set. Where possible the original term as used by the investigator 
has been given in a footnote. Most of the values for yield 
strength which are designated by a footnote below the table as 
yield point were determined by “ drop-of-beam.” Desch* stated 
* Preprint, Manchester (England) meeting of Institution of A ut °mobile 
Engineers and eleven other societies, March, 1935. 
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that soft iron and such steels as consist mainly of ferrite exhibit 
a pronounced yield point, as determined by the drop-of-beam 
method, but that this behavior does not appear to be character- 
istic of iron of the highest purity. In this respect very pure iron 
is comparable to other pure metals, copper for example, rather 
than to soft iron or to ferritic steels in the soft conditions. 

202. Vacuum-fused Electrolytic Iron. — The tensile properties 
of electrolytic iron fused in vacuum were determined by Yensen, 
in connection with his studies of the magnetic properties of 
high-purity iron C321) and alloys of iron with silicon C342) and with 
aluminum/ 3865 Yensen’s mechanical tests were made on 0.5-in.- 
diameter bars prepared from forged rods of the vacuum-fused 
iron. Tensile tests were made on the material as forged, after 
annealing treatments, and after quenching in brine and in liquid 
air. Yensen’s doubly refined electrolytic iron, before melting 
in vacuum, contained 0.006 per cent carbon and 0.01 per cent 
silicon. The fused metal generally contained from 0.01 to 
0.02 per cent carbon. Yensen found (Table 65) that the tensile 


Table 65. — Tensile Properties of Vacuum-fused Electrolytic Iron* 



Known impurities, 
per cent 

As forged 

Quenched in brine from 

1000°C. (1830°F.) 

No. 





Elonga- 

Reduc- 



Elonga- 

Reduc- 



Other 

Tensile 

Yield 

tionin 

tion of 

Tensile 

Yield 

tionm 

tion of 


Carbon 

impuri- 

strength. 

strength,! 

1.5 in.. 

area, 

strength. 

strength,! 

1.5 in., 

area, 



ties 

lb. per 

lb. per 

per 

per 

lb. per 

lb. per 

per 

per 




sq. in. 

sq. in. 

cent 

cent 

sq. in. 

sq. in. 

cent 

cent 

1 



68,000 

64,000 

22 

81.5 

40,500 


53 

84.5 

2 





44,900 


44 

86.0 

3 







35,400! 

15,500! 

45! 

36.6! 

4 

0.008 


55,500 

51,400 

32 

85.8 i 

5 

0.008 






40,000 

30,200 

47 

80.8 

6 

0.008 ! 


51,800 

45,600 

36 

86.4 




' 7 

0.009 


44,800 

36,600 

41 

87.7 





8 

0 . 009 






55,500 


32 

83.1 

9 

t 0.010 






45,500 

37,400 

42 

86.1 

10 

! 0.010 


65,500 

62,200 

26 

83 .'S 



11 

0.010 



38,200 

35 






13 

0.011 


44,700 

35,800 

39 

80.4 





14 

0.011 


43,500 

39,600 

38 

82.3 





15 

0.012 


70,500 

69,100 

20 

82.8 





16 

0.012 


48,700 

41,400 

44 

76.2 





17 

0.0l2§ 






76,900 

67,700 

25 

79.7 

18 

0.013|| 






53,000 

33,200 

65 

86.2 

19 

<0.015 


54,700 

50,700 

26 

84.3 





20 

<0.015 

| 0. 02 Alt 

46,400 

40,200 

28 

93.4 





23 

0.045 






64,600 

41,250 

37 

73.7 


* Yensen. ( 321 . 386 ) 
t Reported as yield point. 

! Quenched in liquid air. 

( Carbon equivalent to 0.10 per cent added to melt. 
Carbon equivalent to 0.05 per cent added to melt. 
Aluminum equivalent to 0.1 per cent added to melt. 
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Table 65. — Tensile Properties of Vacuum-fused Electrolytic 
Iron. * — (Continued) 


No. 

Known impurities, 
per cent 

Annealed at 900°C. (1650°F.), 
cooled in 12 hr. 

Anne 

aled at 900°C. (1650°F.) 
cooled in 24 hr. 

Carbon 

_ Other 
impuri- 
ties 

Tensile 
strength, 
lb. per 
sq. in. 

Yield 
strength, 1 
lb. per 
sq. in. 

Elonga- 
tion in 
1.5 in., 
per 
cent 

Reduc- 
tion of 
area, 
per 
cent 

Tensile 
strength, 
lb. per 
sq. in. 

Yield 
strength,! 
lb. per 
sq. in. 

Elonga- 
tion in 
1.5 in., 
per 
cent 

Reduc- 
tion of 
area, 
per 
cent 

2 







34,500 

14,400 


87.3 

4 

0.008 


39,400 

16,000 

40 

88. 0 




5 

0.008 


36,100 

17,400 

57 

91.3 





6 

0 008 






35,800 

15,300 

42 

73 9 

8 

0 009 






34,300 

47 

61 1 

9 

0 010 






35,150 


56 

85.5 

10 

0 010 


40,200 


53 

85.1 


11 

0.010 





35,800 

19,300 

45 

86.5 

12 

0.010 


35,800 

18,750 

59 

84.5 


13 

0.011 






36, 100ft 

16,400ft 

61ft 

80.9ft 

14 

0.011 


41,600 


42 

85.7 

15 

0.012 


35,500 

20,700 

60 

89.5 





16 

0.012 






34,900 

11,100 

32 

75.7 

17 

0.0125 


38,900 

19,400 

60 

73.5 



18 

0.013|| 


51,100 

21,000 

41 

72.5 





19 

<0 015 






34, 900§§ 

17, 600§§ 

60§§ 

93.5§§ 

20 

<0.015 

0.02A1TT 





34,450ij§ 

13,900§§ 

60|§ 

91 "6§§ 

21 

<0.015 

Tr. Al** 





32, 100§§ 

14,000§($ 

48§I 

65 7§§ 

22 

0.015 






37,500 

20,100 

52 

77.0 


* YensenA 321 ■ 388 ^ 
f Reported as yield point. 

§ Carbon equivalent to 0.10 per cent added to melt. 

|| Carbon equivalent to 0.05 per cent added to melt. 

TT Aluminum equivalent to 0.1 per cent added to melt. 
** Aluminum equivalent to 0.4 per cent added to melt, 
ft Cooled in 4S hr. 

§§ Annealed at 1000°C. (1830°F.), cooled in 33 hr. 


strength of annealed iron was approximately 35,000 to 40,000 lb. 
per sq. in. and the yield strength was 10,000 to 20,000 lb. per 
sq. in. The elongation was 40 to 60 per cent (in a 1.5-in. gage 
length) ; the reduction of area was between 70 and 90 per cent. 
The iron as forged had tensile strengths of the order of 45,000 
to 65,000 lb. per sq. in. Specimens quenched from 1000°C. 
(1830°F.) into brine had tensile strengths of 45,000 to 50,000 lb. 
per sq. in. 

Mechanical properties of vacuum-melted electrolytic iron 
were also reported by Neville and Cain. (481) Their tensile tests 
were made on bars which had been heated at 940°C. (1725°F.) 
and then cooled in still air. The iron contained 0.02 per cent 
carbon, 0.011 per cent sulphur, 0.004 per cent silicon, and no 
manganese. The tensile strengths of two specimens were 41,700 
and 42,200 lb. per sq. in., the elongations in 2 in. were 40 and 
41 per cent, and the reductions of area, 80 and 85 per cent. 
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Electrolytic iron (0.01 per cent carbon, 0.009 per cent phos- 
phorus, 0.008 per cent sulphur, and traces of silicon and man- 
ganese) which had been vacuum fused and annealed at 700°C. 
(1290°F.) was found by Korber and Rohland (568) to have a tensile 
strength of 32,400 lb. per sq. in., an elongation of 44 per cent 
(in a gage length five times the diameter of the specimen), and a 
reduction of area of 83 per cent. 

Tritton and Hanson (585) prepared electrolytic iron specimens 
with the primary object of studying the effect of oxygen. One 
of their fused alloys contained 0.08 per cent oxygen, 0.007 per 
cent phosphorus, and traces of carbon, silicon, sulphur, and 
manganese. This material had a tensile strength of 34,100 lb. 
per sq. in., a yield strength of 18,600 lb. per sq. in., an elongation 
of 50 per cent (in a gage length four times the square root of the 
cross-sectional area), and a reduction in area of 80 per cent. 

Vacuum-fused electrolytic iron, prepared by Heraeus and 
containing 0.02 per cent carbon, 0.01 per cent manganese, 0.02 
per cent silicon, 0.006 per cent sulphur, 0.01 per cent phosphorus, 
and a trace of copper, was reported by Korber and Ho£f (792) to 
have, in the annealed condition, a tensile strength of 34,100 lb. 
per sq. in. and an elongation of 29.5 per cent in 2 in. (5 cm.). 

203 . Electrodeposited Iron (Not Fused). — In several instances 
tensile properties have been determined on specimens of electro- 
lytic iron either as deposited or after simple annealing treatment. 

Such tests of electrolytic iron made at Grenoble, France, were 
reported by Escard. (397) This iron annealed at 900°C. (1650°F.) 
had a tensile strength of 44,000 to 46,600 lb. per sq. in. and an 
elongation of 40.3 to 43.1 per cent (gage length not given). 
Bouchayer (499) reported tensile properties for Grenoble elec- 
trolytic iron both as deposited and after annealing at 950°C. 
(1740°F.). The iron as deposited had a tensile strength of 
113,500 lb. per sq. in., a yield strength of 111,000 lb. per sq. in., 
and an elongation of only 3 per cent. After annealing, its tensile 
strength was 42,300 lb. per sq. in., yield strength 25,200 lb. per 
sq. in., and elongation 43 per cent. 

Hutchins ( 5 67) annealed electrolytic iron tubes at 1000°C. 
(1830°F.), cut the tubes longitudinally and opened them up to 
form sheets, then cut test specimens which were finally annealed 
at 960°C. (1760°F.). The iron contained 0.031 per cent carbon, 
0.02 per cent manganese, traces of silicon, sulphur, and phos- 



344 


THE METAL — IRON 


phorus, and no copper or nickel. The tensile strength of the 
annealed iron was 41,900 lb. per sq. in., the yield strength from 
19,000 to 20,400 lb. per sq. in., and the elongation (in 1 in.) from 
26 to 39 per cent. 

Additional tests on Grenoble iron, reported C757) as made by the 
National Tube Company on electrolytic iron tubes, gave a 
tensile strength of 61,800 lb. per sq. in. with an elongation of 
12 per cent in 8 in. for the material as received, and a tensile 
strength of 39,000 lb. per sq. in. with an elongation of 30 per cent 
after annealing at 900°C. (1650°F.) for 20 min. 

Some of the mechanical properties of the electrolytic iron as 
deposited in the production of intaglio printing plates at the 
Bureau of Engraving and Printing in Washington, D. C., were 
reported by Thomas and Blum C911) and are shown in Table 66. 
The samples, which have no annealing treatment indicated, were 
tested “as deposited” from a ferrous chloride-calcium chloride 
bath operated at 90°C. (195°F.). 


Table 66. — Tensile Properties op Electrodeposited Iron,* Not 

Fused f 


Method of agitation of 
electrolyte 

Temperature of 1-hr. 
anneal 

Tensile 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

2 in., 
per cent 

°C. 

°F. 

Air 



55,500 

5.6 

Mechanical 



55,600 

20.0 

Mechanical 

100 

210 

56,100 

19.0 

Mechanical 

200 

390 

55,300 

25.0 

Mechanical 

300 

570 

55,900 

27.0 


* Chemical composition of iron after fusion in MgO refractory in vacuum furnace: 0.013 
per cent carbon, 0.005 per cent sulphur, 0.003 per cent silicon, 0.02 per cent copper, 0.01 per 
cent nickel, manganese and phosphorus not detected, 
t Thomas and Blum.< 911) 

The data of Table 66 indicate no change in the tensile strength 
or elongation of the iron “as deposited,” as a result of annealing 
at 100, 200, or 300°C. (210, 390, or 570°F.). Agitation of the 
electrolytic bath by air very noticeably decreased the elongation 
but did not affect the tensile strength as compared with the iron 
produced with mechanical agitation. Thomas and Blum stated 
that samples from air-agitated baths had elongations ranging 
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from 0 to 12 per cent. The ductility of the iron deposited with 
mechanical agitation was indicated by the fact that it was 
possible to bend plates as deposited (with a thickness of about 
0.2 in.) around cylinders less than 8 in. in diameter provided that 
the face of the plate (the surface first deposited) was on the con- 
vex side. A plate bent in the opposite direction was brittle, 
evidently due to the coarse conical crystals in the last portions 
of the metal to deposit, as compared with the fine-grained metal 
in the initially deposited layers. 

Pike <901) reported the tensile strength of electrolytic iron (0.005 
per cent carbon, 0.007 per cent sulphur, 0.006 per cent copper) 
deposited as a plate somewhat more than 0.2 in. thick, machined 
to 0.2 in. in order to produce a smooth surface, then cold rolled 
to 0.109 in., and finally annealed. The tensile strength was 
35,300 lb, per sq. in. and the elongation was 14 per cent in 2 in. 
The test was made in the direction parallel to the direction of 
rolling. 

204. Open-hearth Ingot Iron. — The data in Table 67 enable 
a comparison to be made of the tensile properties of several 
electrolytic irons with those of commercially pure irons such as 
Armco open-hearth ingot iron or Krupp’s special soft iron. 
Typical analysis of Armco iron shows that 0.013 per cent carbon, 
0.017 per cent manganese, 0.005 per cent phosphorus, 0.025 per 
cent sulphur, 0.04 per cent copper, and traces of silicon are 
present. The data for Armco iron in Table 67 were obtained 
by Kenyon <787) from rods of hot-rolled material. The data for 
Krupp’s special soft iron were reported by Goerens and 
Fischer. (413) Analyses of five heats showed that the metal 
contained, on an average, 0.057 per cent carbon, 0.097 per cent 
manganese, 0.021 per cent sulphur, and less than 0.01 per cent 
each of silicon and phosphorus. 

205. Other High-purity Irons. — The “hydrogenized” iron 
prepared by Cioffi C964) by treating ingot iron in hydrogen at 
temperatures of 1475 to 1500°C. (2685 to 2730°F.) was reported 
to have a tensile strength of only 14,000 lb. per sq. in. and a yield 
strength of 7000 lb. per sq. in. Although it was not indicated 
that the particular specimens which were used in the tensile 
tests were of large grain size, it was stated that very coarse grains 
are characteristic of this material. These values for the tensile 
properties of “ hydrogenized” iron are, therefore, included and 



346 


THE METAL— IRON 


Table 67. — Summary of Tensile Properties of Various Electrolytic 
Irons and of Commercial Open-hearth Iron 


Condition of material 

Tensile Yield* Elongation 

strength, strength, 
lb. per lb. per Per Gage 

sq. in. sq. in. eent length, in. 

Vacuum-fused electrolytic iron 

Reduc- 
tion of 
area, 
per cent 

Investigator 

■ 

Annealed 

35,000 to 

10,000 to 

40 to 60 

i 1.5 

70 to 90 

Yensen< 321 ' 3 8«> 


40 , 000 

20,000 





Forged 

45,000 to 

40,000 to 

25 to 40 

1.5 

75 to 85 

Yensen< 3 2i.38«) 


65,000 

65 , 000 





Quenched in brine 

45,000 to 

15,000 to 

30 to 60 

1.5 

75 to 85 

Yensen<32i.386) 


65,000 

40 , 000 





Annealed 

42,000 


40 

2.0 

80 to 85 

Neville and 







CainC48i) 

Annealed 

32,400 


44 

5 X diam. 

83 

Korber and 







Rohland (568 > 

Annealed. . 

34,100 

18,600 

50 


80 

Tritton and 







Hanson< BSS > 

Annealed 

34,100 


29.5 

2.0 


Korber and 







Hoff ( ’92) 


Electrolytic iron not fused 



Annealed (Grenoble iron) 

44 , 000 to 


42 



Escard( 3ft7 > 


47 , 000 






As deposited (Grenoble 







iron) 

113,500 

111,000 

3 

t 


Bouchayer( 4 "> 

Annealed (Grenoble iron) 

42 , 300 

25,200 

43 

t 


BouchayerC'* 0 ®) 

Annealed 

41 , 900 

19,500 

26 to 39 

1.0 


Hutchins< s#7 > 

Tubes, as received, 







(Grenoble iron) 

61,800 


12 

8.0 


Anonymous 

Tubes, annealed, 






(767) 

(Grenoble iron) 

39 , 000 


30 

8.0 


Anonymous 

Printing plates; as de- 






(757) 

posited 

55 , 600 


20 

2.0 


Thomas and 

Same; annealed up to 






BlumC 9 “> 

300°C. (570°F.) 

55,300 to 


19 to 27| 

2.0 


Thomas and 


56,100 





Blum<»n> 

Plate, cold rolled, an- 







nealed 

35,300 


14 

2.0 


PikeCMi) 


Open-hearth ingot iror 




Hot-rolled rods (Armco) . 

42 , 000 to 

26,000 to 

25 to 38 

8.0 

70 to 76 

Kenyon^ 787 ) 


45 , 000 

37,000 





Rolled or forged bars, an- 







nealed (Krupp’s) 

43,100 to 

29,900 to 

35 to 38 

10 x 

79 to 80 

Goerens and 


45,500 

32,700 


diam. 


Fischer< 413 > 

Sheets, annealed 

43,700 to 

28,400 to 

32 to 33 

t 

77 to 78 

Goerens and 

(Krupp’s) 

45 , 500 

31,300 




Fischer^ 413 ) 


* Reported as “yield point’' in most cases, 
t Not given. 
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compared with the data of the next section on tests of single- 
crystal and very coarsely crystalline specimens. 

Iron prepared by sintering and hammering carbonyl-iron 
powder was reported by Duftschmid, Schlecht, and Schubardt C965) 
to have a tensile strength of 28,000 to 40,000 lb. per sq. in., a 
yield strength of 15,500 to 24,000 lb. per sq. in., an elongation of 
30 to 40 per cent, and a reduction of area of 70 to 80 per cent. 

206. Single Crystals of Iron. — Among the earliest, if not 
the first, measurements of mechanical properties of single 
crystals of relatively pure iron are those reported by Osmond 
and Fremont. (134) They prepared test specimens from large 
iron crystals which had developed spontaneously in a steel rail 
in service as a furnace brace for some 15 years. No detailed 
information was given as to the purity of the iron except the 
statement that it had been decarburized, and that other impuri- 
ties had been removed by oxidation, leaving a rather pure iron. 
Osmond and Cartaud, <148) however, gave the following for the 
composition of what is apparently the material originally 
reported by Osmond and Fremont: 0.06 per cent carbon, 0.05 
per cent silicon, 0.30 per cent manganese, 0.02 per cent sulphur, 
and 0.116 per cent phosphorus. 

A single tensile specimen was prepared with its axis parallel 
to an axis of the cubic crystal of iron, i.e., with the axis of the 
test bar perpendicular to a cube face. This specimen had a 
tensile strength of 39,500 lb. per sq. in., a yield strength of 

23.500 lb. per sq. in., and a reduction of area of 85 per cent. 
Osmond and Fr&mont also determined the elastic limit of a test 
specimen which had a cylindrical section 8 mm. (0.3 in.) in 
diameter and 10 mm. (0.39 in.) long. The ends of the specimen 
were truncated cones 28 mm. (1.1 in.) long with the larger 
base 16 mm. (0.6 in.), and the smaller base 8 mm. (0.3 in.) in 
diameter, i.e., the diameter of the reduced section. After the 
specimen had been broken in tension, the point to which the 
polish had been destroyed on the conical surfaces was observed 
and the stress attained at that point was calculated to be between 

18.500 and 22,800 lb. per sq. in. This value was termed the 
elastic limit. 

Edwards and Pfeil C553) decarburized in moist hydrogen mild 
steels which originally contained approximately 0.1 per cent 
carbon, 0.02 per cent silicon, 0.04 per cent manganese, 0.03 to 
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0.05 per cent sulphur, and 0.02 per cent phosphorus. Specimens 
of the decarburized iron (possibly also somewhat purified as 
regards sulphur) were strained and annealed to produce large 
crystals, and test bars were cut from large crystal sections so that 
the parallel portion of the test bars (2.5 in. X 0.75 in. X 0.125 in.) 
was in each case a single crystal. The tensile strength and the 
elongation (in 2 in.) were determined on the original mild steel, 
the decarburized, but still fine-grained material, and on the 
decarburized, single-crystal test bars. These values compared 
as follows: 


Property 

Original 

steel 

Decar- 
burized, 
fine grain 

Decarburized, 
single crystal 

Tensile strength, lb. per sq. in . . . 

72,600 

43,900 

20,000 to 22,400 

Elongation in 2 in., per cent. . . . 

22 

53.5 

30 to 50 


Additional tests on 10 large single-crystal specimens (603) 
gave, in all except two tests, tensile strengths of approximately 
22,400 lb. per sq. in., thus agreeing with the tensile strength 
of single crystals of iron found in Edwards and PfeiFs original 
tests on four specimens. One specimen of this second series 


Table 68. — Tensile Properties of Large Single Crystals of Iron* 


Specimen No. 

Tensile 
strength, 
lb. per 
sq. in. 

Yield 
strength, f 
lb. per 
sq. in. 

Elongation 
in 2 in., 
per cent 

Modulus of 
elasticity, 
million lb. 
per sq. in. 

1 

21,000 

4300 

33.5 

29.8 

2 

21,400 

5500 

31.0 

27.4 

3 

21,400 

5600 

35.0 

27.0 

4 

21,700 

5100 

35.8 

25.1 

5 

22,600 

3900 

32.3 

27.2 

6 

23,100 

4500 

30.5 

28.1 

7 

23 , 600 

4800 

41.5 

28.8 

8 

23 , 900 

5100 

52.5 

26.6 

9 

25,500 

4700 

44.5 

22.4 

10 

34,500 

4400 

53.7 

26.7 


* Edwards and Pfeil. C603 > 
t Reported as proportional limit. 
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had a tensile strength of 34,500 lb. per sq. in. Values for 
yield strength (reported as proportional limit), elongation, 
and modulus of elasticity were also determined on these iron 
single crystals (Table 68). The exact orientations were not 
determined but it was known that the orientations of the 12 
crystals that had tensile strength of about 22,000 lb. per sq. in. 
were not identical. 

Another series of similar tests was made by Edwards and 
Pfeil on smaller single crystals — crystals of a size permitting 
only 1.5-in. parallel portions in the test bars and 1-in. gage 
lengths. These specimens gave more variable results for tensile 
strength (Table 69) than did the larger crystal specimens. Seven 

Table 69. — Tensile Properties of Small Single Crystals of Iron* 


Specimen 

No. 

Tensile 
strength, 
lb. per sq. in. 

Elongation 
in 1 in., 
per cent 

30 

21 , 700 

55.5 

31 

21,800 

66.0 

32 

22,200 

60.0 

33 

22 , 300 

33.5 

34 

22 , 300 

50.0 

35 

22,300 

53.0 

36 

22,400 

52.5 

37 

27 , 600 

72.0 

38 

30 , 700 

1 66.0 

39 

31 ,400 

84.5 

40 

33,200 

58.0 


* Edwards and Pfeil. ( 603) 


of eleven tests again gave approximately 22,000 lb. per sq. in., 
but the other four tests gave results varying from 27,000 4o 
33,500 lb. per sq. in. 

207. Effect of Crystal Size. — Following this consideration 
of the effect of the size of single crystals upon the tensile strength 
of iron, Edwards and Pfeil prepared two series of specimens, one 
from material identical with that used in the previous tests, the 
second from material of slightly different composition but treated 
like the first series, in order to study the effect of progressively 
finer grain size upon the mechanical properties, that is, to bridge 
the gap between single-crystal specimens -and- ordinary poly- 
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crystalline material. Specimens were prepared with crystal 
sizes ranging from coarse crystals of average diameters of 9.7 
mm. to fine crystals of such sizes that about 300 occupy 1 sq. mm. 

Table 70. — Effect of Grain" Size on Tensile Properties of Iron* 


Specimen. No. 


Grain size, 
grains per sq. mm. 


Tensile strength, 
lb. per sq. in. 


Yield strength, t 
lb. per sq. in. 


Elongation 
in 2 in., 
per cent 


Series 1 


1 

9.7 f 

23,900 

5,900 

28.8 

2 

7.0 j 

26 , 200 

5,600 

30.5 

3 

2 .5 j 

30 , 600 

6,400 

39.5 

4 

6.3 

33 , 700 

6,500 

35.3 

5 

15.3 

36,600 

6,200 

47.0 

6 

35.6 

38,200 

8,300 

48.8 

7 

48.8 

38,300 

9,400 

50.7 

8 

51.0 

38,900 

10,000 

44.8 

9 

75.5 

42 , 000 

20,100 

47.0 

10 

77.5 

41,600 

20,200 

48.3 

11 

91.6 

40 , 000 

16,600 

50.3 

12 

92.0 

40,300 

16,800 

50.0 

13 

120 

41,200 

16,700 

42.5 

14 

130 

41 , 600 

15,700 

41.3 

15 

194 

41,900 

15,400 

47.5 


Series 2 


1 

27 

38,500 

8,400 

41.3 

2 

34 

39,300 

10,500 

41.3 

3 

53 

38,600 

7,700 

46.3 

4 

57 

38,000 

10,700 

38.8 

5 

78 

38,500 

11,300 

33.5 

6 

84 

39 , 600 

12,100 

51.3 

7 

98 

42 , 300 

14,700 

46.0 

8 

98 

43 , 100 

15,500 

46.5 

9 

102 

42 , 600 

16,300 

44.8 

10 

108 

44 , 400 

15,800 

46.3 

11 

109 

42 , 800 

15,100 

42.8 

• 12 

113 

42,200 

14,500 

47.8 

13 

118 

43 , 100 

18,000 

48.5 

14 

127 

43,200 

19 , 500 

44.0 

15 

135 

43,300 

22,200 

45.3 

16 

157 

44 , 200 

22 , 600 

45.3 

17 

168 

38,100 

15,700 

45.0 

18 

203 

38,200 

14,200 

44.8 

19 

230 

37,700 

13 , 800 

48.0 

20 

245 

37,300 

14,000 

45.5 

21 

307 

39,100 

13,800 

48.3 


* Edwards and Pfeil.< #03 > 
t Reported as proportional limit, 
t Diameter of average crystal in mm. 
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The latter size represented the mild steel simply decarburized 
but not treated to produce grain growth. Edwards and Pfeil’s 
data on the effect of grain size are given in Table 70. In the 
discussion of their paper the maxima indicated in yield strength 
and tensile strength at specimen 10 of series 1 and specimens 
15 and 16 of series 2 were criticized as not necessarily due to 
grain size but possibly related to differences in the treatments 
which were necessary to produce the different grain sizes. 

Ziegler (913) reported a tensile test of a single crystal of open- 
hearth ingot iron, which had the following properties : 

Tensile strength 22,100 lb. per sq. in. 

Yield strength 9 , 300 lb. per sq. in. 

Elongation (2 in.) 55.5 per cent 

He prepared a series of specimens of this same iron and studied 
the effect of grain size on tensile strength and yield strength. 
His results can be compared with those of Edwards and Pfeil 
only within a relatively short range of the larger grain sizes since 
Ziegler's smallest grains were of the order of 40 per sq. mm. 
Within this range of grain size the tensile strength increased 
gradually from 22,100 lb. per sq. in. to 35,800 lb. per sq. in. and 
the yield strength (yield point) from 9300 lb. per sq. in. to 
16,300 lb. per sq. in. 

208. Summary of Data on Tensile Properties. — Available 
information indicates that electrolytic iron in the as-deposited 
condition may have tensile strengths and yield strengths of more 
than 100,000 lb. per sq. in. with elongations as small as 3 per cent. 
However, the properties of the same material in the annealed 
condition are roughly comparable to those of Armco iron. The 
tensile strength of annealed electrolytic iron is reported to be 
between 40,000 and 55,000 lb. per sq. in., yield strength between 

20.000 and 25,000 lb. per sq. in., with elongations between 25 and 
45 per cent. Fusion in vacuum with subsequent annealing 
treatment further softens electrolytic iron. The reported prop- 
erties of such material are: tensile strength between 35,000 and 

40.000 lb. per sq. in., yield strength between 10,000 and 20,000 lb. 
per sq. in., elongation between 30 and 60 per cent, and reduction 
of area between 70 and 90 per cent. 

Data for the tensile properties of single crystals are available 
only for material which approximates the composition ©f Armco 
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iron. For such material an increase in grain size does not 
appreciably affect the tensile properties until the grains reach 
a size of approximately 25 per sq. mm. For larger grains an 
increase in size is accompanied by softening; the properties of 
single crystals (presumably with low carbon contents) have been 
reported as tensile strengths of 20,000 to 35,000 lb. per sq. in., 
yield strengths of 4000 to 9000 lb. per sq. in., and elongations 
of 30 to 85 per cent. 

B. ELASTIC PROPERTIES 

Values for Young's modulus, for different directions in a single 
crystal of Armco iron, were determined by Goens and Schmid. <967) 
They found that Young's modulus was more than twice as great 
in the direction of the cube diagonal (the [1 1 1] direction) as in 
the direction of the cube axis (the [1 0 0J direction). The values 
found for Young's modulus were as follows : 

E [ i o o] — 19,000,000 lb. per sq. in. (13,500 kg. per sq. mm.) 

E\\ i i] = 41,000,000 lb. per sq. in. (29,000 kg. per sq. mm.) 

In a recent report from the National Physical Laboratory, 
Abram ( 104 1) found that Armco iron and mild steel have a definitely 
greater modulus of elasticity than medium- and high-carbon 
steels. From these results Abram deduced that Young's modu- 
lus of pure iron in the annealed condition would be about 30,000,- 
0G0 lb. per sq. in., a value which is intermediate between the 
two values obtained by Goens and Schmid for different directions 
in a single crystal. 

From determinations of Young's modulus and the modulus 
of torsion of single-crystal specimens of iron, Kimura and 
Ohno (1059) computed the elastic moduli in the direction of the 
principal crystallographic axes, as follows: 


Young’s modulus, 
dynes per 
sq. cm. 

Modulus of 
torsion, 
dynes per 
sq. cm. 


E[i o 0] 

E[ i i o] 
E[ 1 1 i] 

0 0] 

^[1 1 0 ] 
nj-i i i] 


= 1.30 7 X 10 12 
= 2.164 X 10 12 
= 2.77i X 10 12 

= 1 . 1 1 7 x 10 12 

= O .660 X 10 12 

= 0.587 X 10 12 


From these values the fundamental constants (Voight's modulus) 
and the -elastic constants were computed, as follows: 
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Voight’s mod- 
ulus, 

dynes per 
sq. cm. 

Elastic constants, j 
dynes per 
sq. cm. 


• (0.7652 ± O.OOSs) X 10-» 

= -(0.288s ± O.OO82) X 10” 12 
= (0.895a ± 0.0100 X 10“ 12 

= 2.40 9 X 10 12 
= 1.46i X 10 12 
= I.IIt X 10 12 


C. STRENGTH IN COMPRESSION 

Little attention appears to have been paid to compression tests 
of very pure iron except in such work as has been done with 
single crystals. There are, of course, data on compression tests 
of commercially pure iron. 

209. Open-hearth Ingot Iron. — Kenyon C787) gave values, origi- 
nally reported by Moore and Kommers, (443) as typical of open- 
hearth iron (Armco iron) in compression tests. The tests were 
made on material from normalized hot-rolled 1-in. round bars. 
Elastic limit (as indicated by first permanent set after release 
of load), proportional limit (stress at which stress-strain curve 
had a slope 25 per cent greater than its initial slope), and yield 
strength (reported as yield point) were as follows : 

Elastic limit 19,400 lb. per sq. in. * 

Proportional limit 19 , 200 lb. per sq. in. 

Yield strength 20,600 lb. per sq. in. 

210. Single Crystals. — Osmond and Fr6mont (134) made com- 
pression tests on single-crystal specimens from the material 
already described in the discussion of the tension tests. They 
determined values for yield strength in compression, making 
the measurements on two specimens, one compressed with the 
loading normal to a cube face, the other with the loading normal 
to an octahedral face. The iron had previously been annealed 
at about 800° C. (1470°F.). The following results were obtained 
for yield strength: 

Compression on cube faces 19,800 lb. per sq. in. 

Compression on octahedral faces 24,200 lb. per sq. in. 

Following the work by Edwards and Pfeil C553t603) on the tensile 
properties of single crystals and on the influence of grain size 
on the tensile properties of iron, Pfeil (681) continued the work 
with single crystals and prepared specimens for compression tests. 
The steel employed for the production of the single crystals was 
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in the form of 0.5-in. diameter rods and contained 0.10 per cent 
carbon, 0.064 per cent silicon, 0.46 per cent manganese, 0.034 per 
cent sulphur, 0.02 per cent phosphorus. This steel was com- 
pletely decarburized by heating in hydrogen for 2 to 3 weeks 
and was then treated to produce single crystals of 0.5 in. diameter 
and, as a rule, from 1.5 to 3 in. long. Compression specimens 
0.45 in. in diameter and 0.9 in. long were cut from single crystals. 
The orientation of the crystal lattice within the test specimen 
was determined by means of the patterns produced by needle-point 
indentations made in discs cut from the same crystal. Com- 
pression tests were made on specimens of several crystal orienta- 
tions. The stress at which slip lines were first observed upon 
the cylindrical surface of the specimen was recorded, as well 
as the stress which produced a permanent deformation of 0.01 per 
cent (the “measured elastic limit”)* These values, as well as 
the compressive stresses which produced permanent deformations 
of 0.1, 1.0, and 10 per cent, are given in Table 71. Pfeil con- 
cluded that “the iron crystal has the highest elastic limit when 
compressed on a rhombododecahedral plane and the lowest 
when compressed on a cube plane.” 

211. Summary of Data for Strength in Compression. — Data 
for compression tests of high-purity iron are not available. 
For polycrystalline Armco iron the elastic limit and proportional 
limit in compression are about 19,000 lb. per sq. in.; the yield 
strength is about 20,000 lb. per sq. in. The limited data which 
are available indicate that the resistance of single crystals to 
compression varies with the orientation and is at a minimum 
when the crystal is compressed on a cube face. 

D. HARDNESS 

In the ensuing discussion the hardness data have been divided 
into groups according to the nature and previous history of the 
material. 

212. Cathode Electrolytic Iron. — Electrolytic iron as deposited 
is frequently much harder than the same material after annealing 
or after fusion. There is much discussion in the literature as to 
whether this initial hardness is caused by the presence of hydro- 
gen in the electrodeposited iron or is to be attributed to the 
small grain size of the iron. 



MECHANICAL PROPERTIES 


355 


Table 71. — Compression Properties of Iron Single Crystals* 




Stress at 
which slip 
lines ap- 
peared. 



Stress, in lb. per sq. 

in.. 

Specimen 

Orientationf 

Measured 
elastic 
limit, t 

for permanent deformation of 



lb. per 

lb. per 
sq. in. 

0.1 

1.0 

10 

25 



sq. in. 

cent 

per cent 

per cent 

per cent 

1 

(1 1 0) 

4800 

6400 

8300 

11,300 

27,700 

51 , 000 

2 

(1 1 0) 

4900 

7100 

9100 

11,400 

42,600 

50 , 600 

3 

(1 1 0) 


6500 

8000 

10,400 

24 , 400 

44 , 600 

4 

(1 1 0) 

5200 

6400 

7500 

(8,800) 

(23,600) 

(46 , 600) 

Average 


5000 

6600 

8200 

11,000 

28,300 

48,800 

5 

Near (1 1 0) 


6900 

8200 

10,800 

27 , 300 

52 , 600 

6 

Near (1 1 0) 

4500 

5700 

7500 

10,400 

30,700 

53 , 100 

7 

Near (1 1 0) 

3600 

5900 

7700 

10,500 

30,200 

55,300 

8 

Near (1 1 0) 


6800 

9000 

12,600 

30,700 


Average 


4000 

6300 

8100 

11,100 

29 , 800 

53,500 

9 

(1 1 0)— (1 1 1) 

4900 

6800 

9400 

14,100 

33 , 400 

49,700 

10 

(1 1 0)— (1 1 1) 

4300 

6300 

7900 

10,300 

28,000 

56,900 

11 

(1 1 0)— (1 1 1) 

4900 

6000 

8800 

13,200 

35,800* 

59,100 

12 

(1 1 0)— (1 1 1) 

5300 

6300 

8400 

12,200 

31 , 800 

55,300 

13 

(1 1 0)— (1 1 1) 


5700 

7800 

11,900 

35,400 

56 , 200 

Average 


4800 

6200 

8400 

12,300 

32,900 

55,600 

14 

(1 1 1) 


6200 

8900 

12,800 



15 

(1 1 0)-(l 0 0) 

5500 

6700 

8600 

12,700 

30,700 

44,800 

16 

Near (1 0 0) 

4100 

4800 

7700 

11,800 

33,400 

44,100 

17 

Near (1 0 0) 

4800 

5700 

8000 

11,900 

29,100 


Average 


4400 

5200 

7900 

11,800 

31,200 


18 

(10 0) 

3700 

5400 

8900 

13,400 

32,500 

45,000 

19 

(10 0) 

4500 

5800 

9100 

13,100 

30 , 900 

43,700 

20 

(10 0) 

4700 

5200 

8000 

14,100 

36,500 

46,100 

Average 


4200 

5400 

8600 

13,500 

33,400 

45,000 


* Pfeil.< 681 > 

t The orientation is given approximately: (1 0 0) represents the compression on a cube 
face; (1 1 0) on a rhombohedral face; (1 1 1) on an octahedral face; Cl 0 0)— (1 1 1) stands 
for compression on a face between that of a cube and that of an octahedron, etc. 
t Stress giving first permanent deformation of 0.01 per cent. 

Cathode iron as deposited has been reported by various 
investigators (Table 72) as having a Brinell hardness number 
from 180 to as high as 360 ; the Brinell of the same material after 
annealing is from 50 to 90. The Brinell hardness of electrolytic 
iron, freshly deposited and consequently saturated with hydro- 
gen, was found by Guillet and Portevin C282) to be 140 (10 mm. ball, 
3000 kg. load). This value decreased to 90 upon annealing the 
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iron for 2 hr. at 900°C. (1650°F.). Guichard et alS 887) annealed 
electrolytic iron, of an initial. Brinell of 360 (3 mm., 40 kg., 
30 sec.), at various temperatures up to 1000°C. (1830°F.). They 
found that all of the hydrogen obtainable from the iron by heating 


Table 72. — Brinell Hardness of Electrolytic Iron 



Conditions of test 



Condition of 
specimen 

Ball 

diam- 

eter, 

mm. 

Load, 

kg. 

Time, 

sec. 

Brinell 

hard- 

ness 

Investigator 


Cathode iron 


As deposited 

10 

3000 


140 

Guillet and Portevin f282 > 

Annealed 

10 

3000 


90 

Guillet and Porteviu' 282 ) 

As deposited 

3.18 

125 


179 

Bouchayer (499 > 

Annealed. 

3.18 

125 


76 

Bouchayer (499 > 

As deposited 

1 

30 


180-350 

MacNaughton( 570 > 

Annealed 

1 

30 

30 

77 

Hutchins (5 6 7) 

As deposited 

10 

3000 


193 

Anonymous ( 75 7 > 

Annealed 

10 

3000 


90 

Anonymous ( 75 7 ’ 

As deposited 

3 

40 

30 

360 

Guichard et al . <88/) 

Annealed 

3 

40 

30 

50 

Guichard et al. <887) 


Vacuum-fused iron » 


Annealed 

5 

197 

60 

58 

Bauer and Schneider< 429 > 

Normalized 


70 

Neville and Cain< 481) 

As melted 

5 

750 

30 

66 

Tritton and Hanson (586 > 




had been removed by the time the iron had reached 240°C. 
(465°F.) ; there was no further evolution of gas during heating 
to a maximum temperature of 1000°C. (1830°F.). However, 
the extreme hardness of the initial material did not decrease until 
the iron was heated above 240°C. (465°F.). The hardness then 
decreased rather rapidly, reaching a Brinell of about 50 after 
annealing at 1000°C. (1830°F.). These authors concluded 

that the extreme hardness of freshly deposited electrolytic iron 
was not to be attributed to its hydrogen content but rather 
to its small grain size. 

An interesting observation, quite different from the results 
of others, was made by Pilling C485) in a study of the relation of 
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scleroscope hardness to the temperature of annealing of electro- 
deposited iron. Pilling found that electrolytic iron with an 
initial scleroscope hardness of about 26 maintained this after 
annealing at 100 and 200°C. (210 and 390°F.). Annealing at 
300°C. (570°F.) produced a marked increase, to 45 scleroscope, 
and thereafter successively higher annealing temperatures pro- 
gressively lowered the hardness. Hadfield later tried without 
success to induce increased hardness in electrolytic iron by 
similar treatments/ 5645 

A study of the influence of hydrogen-ion concentration, current 
density, and temperature of the electrolyte upon the hardness 
of electrolytic iron was made by MacNaughton/ 5705 9 He found 
the general effect of increasing the acidity of the electrolyte, 
within the range of pH 4.5 to pH 3.3, was to increase the Brinell 
number (1 mm., 30 kg.) from about 180 to about 270, the current 
density being 4.7 amp. per sq. ft. and the temperature of the 
electrolyte being about 20°C. (68°F.). Iron deposited from the 
electrolyte at room temperature and at a pH of 4.4 had Brinell 
numbers increasing from about 180 to 350 as the current density 
increased from 5 to'20 amp. per sq. ft. Iron deposited at a 
current density of 50 amp. per sq. ft. at 41°C. (105°F.) had a 
Brinell hardness of 240. 

Hadfield in discussing MacNaughton' s work recorded Brinell 
numbers of about 200 for electrolytic iron as deposited, the 
maintenance of this hardness after annealing up to 350°C: 
(660°F.), the lowering to about 160 by annealing at 500°C. 
(930°F.), and finally to 90 by annealing at 900°C. (1650°F.). 

213. Fused and Compacted Iron. — Scratch-hardness values 
for unmelted, fused, and fused and quenched electrolytic iron 
were determined by Boynton/ 1395 His measurements, made 
with a microsclerometer, indicated that the unmelted iron was 
somewhat harder than the same material after fusion. Boyn- 
ton's most interesting observation, however, was that quenching 
the fused electrolytic iron from 850°C. (1560°F.) or from 1300°C. 
(2370°F.) into carbon dioxide snow appreciably increased the 
hardness. Bauer and Schneider (429) later made similar quench- 
ing experiments and found that the Brinell hardness of electro- 
lytic iron quenched from various temperatures between 650 and 
1250°C. (1200 and 2280°F.) showed no tendency to change with 
increasing quenching temperatures. All of the Brinell numbers 
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(5 mm., 197 kg., 1 min.) which they reported lay between 55 
and 59. 

The Brinell hardness of vacuum-melted electrolytic iron 
apparently lies between 60 and 70 (Table 72). 

Other forms of fused or compacted high-purity iron for which 
hardness data are available are the “hydrogenized" iron prepared 
by Cioffi C964:) and the carbonyl iron tested by Koch and Seefeldner 
and reported by Duftschmid. (965) Cioffi reported that hydro- 

Annealing temperature, deg.F. 



Fig. 74. — Effect of annealing on the Brinell number of compressed electrolytic 
iron. ( Oberhoffer and OertelS 408 ^) 

genized iron had a Rockwell B hardness of between +10 and 
— 10. As previously mentioned in the discussion of the tensile 
properties of this material, it is probable that the specimens on 
which these measurements were made were very coarsely 
crystalline. The hardness reported by Duftschmid and his 
collaborators for sintered carbonyl iron was 56 to 80 Brinell. 

214. Increase in Hardness by Cold Working. — A comparison 
of the increased hardness and strength which resulted from cold 
working of electrolytic iron was made by Freeman and France. (607) 
They concluded that electrolytic iron (0.06 per cent carbon, 
0.002 per cent manganese, 0.010 per cent phosphorus, and 0.012 
per cent sulphur) did not harden so rapidly nor increase in tensile 
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strength so rapidly on cold rolling as did an open-hearth deep- 
drawing steel. 

The increase in hardness of electrolytic iron as a result of 
different amounts of cold deformation in compression, and the 
removal of this work hardness by subsequent annealing, are 
shown in Fig. 74, from the work of Oberhoffer and Oertel. C40S;> 
Additional data on the increase in hardness of polycrystalline 
iron after cold deformation are given in the following discussion 
of the work hardening of single crystals of high-purity iron. 

215. Hardness of Single Crystals of Iron. — Osmond and 
Fr6mont (134) and Osmond and Cartaud (14S) reported Brinell 
measurements on different faces of the single crystal previously 
described in the discussion of tensile tests. The Brinell impres- 
sions with a 140-kg. load and a 5-mm. ball were made on three 
faces of the specimen, both after annealing at 550°C. (1020°F.) 
and after annealing at 800°C. (1470°F.). The results were as 
follows : 



Annealed at 550°C. 
(1020 °F.) 

Annealed at 800 °C. 
(1470°F.) 

Type of specimen 

Diameter of 
indentation, 
mm. 

Brinell 

hard- 

ness 

Diameter of 
indentation, 
mm. 

Brinell 

hard- 

ness 

Cube face 

1.540 

75 

1.642 

66 

Dodecahedral face 

1.500 

79 

1.602 

69 

Octahedral face 

1.484 

81 

1.533 

76 


Osmond and his coworkers thought that these differences between 
the Brinell hardness of the various crystallographic faces in 
both series indicated a real difference — the cube faces having the 
lowest hardness and the octahedral faces the maximum hardness, 
corresponding to the greater strength in compression which they 
had observed in tests in which compression was perpendicular 
to the octahedral face. It is of interest to note also that Osmond 
and Cartaud made a similar series of hardness determinations 
on a single crystal of gamma iron from the interior of a cast 
ingot of Hadfield manganese steel. Although consideration of 
this material is without the scope of a review of properties of 
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high-purity iron, the comparison with the results obtained on 
the alpha-iron crystal is interesting; no significant differences in 
Brinell hardness were found in comparing the indentations on 
the cube, dodecahedral, and octahedral faces of the gamma-iron 
crystal. 

Subsequently, Pfeil C736) made a careful and detailed study of 
the ball indentation hardness of single crystals of iron and of the 
effect of grain size on hardness. He concluded that there was no 
difference between the indentation hardness of the various 
crystallographic faces of the iron crystal; that the size of the 
crystal in the aggregate of polycrystalline specimens had no 
measurable effect. Pfeil cut specimens from large crystals of 
iron and prepared faces on these specimens which represented (a) 
the rhombododeeahedral, (b) the octahedral, (c) the icositetra- 
hedral, and ( d ) the cube faces. He also prepared from the same 
iron a series of five specimens representing increasing grain size — 
No. 1 being very fine and No. 5 having crystals about 0.5 mm. in 
diameter. Table 73 gives the results of Brinell measurements on 
all of these specimens. 

Table 73. — Brinell Hardness (10-mm. Ball, 3000-kg. Load) for 
Annealed Single Crystals and Annealed Aggregates* 


Brinell 

Material Hardness 

Single-crystal faces: 

Cube 81.4 

Icositetrahedral 80.0 

Octahedral 79.6 

Phombododecahedral 85.0 

Aggregate No. 1 83.4 

Aggregate No. 2 79.6 

Aggregate No. 3 81.0 

Aggregate No. 4 83.8 

Aggregate No. 5 76.4 

* Pfeil. < 736 > 


Pfeil considered that the variation in these Brinell numbers 
(Table 73) was the result of experimental error and, consequently, 
was insignificant. In support of this belief and in order to 
obtain a more accurate measure of hardness, he applied Meyer’s 
analysis to his Brinell measurements. Meyer’s law is stated as 
P = ad n , where P is the total load used in making the indenta- 
tion, a is a constant for a given material and a given ball diameter, 
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n is a constant depending on the material, and d is the diameter 
of the indentation. Pfeil found that the values for log a and n 
were the same for each of the four crystal faces, namely, log a — 
1.55 and n — 2.36, and that these constants in the case of the 
five different aggregate sizes were the same for all specimens 
(log a — 1.55 and n = 2.38) and nearly identical with those 
obtained for single crystals. It was concluded, therefore, that 
single iron crystals obey Meyer's law and further that there is no 



Fig. 75. — Rate of hardening by cold work. Brinell ratio P/D 2 . = 10. (P/efZ.< 736) ) 

variation in hardness between the various faces of a single 
crystal since 

... it is impossible to believe that this constancy of ball indentation 
hardness, shown by the constancy of Meyer’s a and n , is purely a coin- 
cidence, and that, in reality, there are appreciable variations in hard- 
ness, these variations being accidentally but exactly neutralized by the 
in acc ur acies introduced by the peculiar shapes of the indents and the 
method employed in computing the diameters from the measurements. 

216. Effect of Cold Working on the Hardness of Single 
Crystals. — A study was also made by Pfeil (736) of the rate of 
hardening of single crystals of iron and polycrystalline aggregates 
of iron after cold working by compressing 10, 25, 40, 55, 70, and 
80 per cent. Single-crystal specimens were compressed on faces 
corresponding to the rhombododecahedral (i?), the octahedral 
(O), the icositetrahedral (7), and the cube (C) faces. It 
was found that the rate of hardening and the maximum 



362 


THE METAL— IRON 


hardness of single crystals varied with the direction in which the 
compressive stress was applied. With the lower degrees of 
deformation differences in the rate of hardening were not pro- 
nounced, but the hardness produced by 80 per cent deformation 
was very different in the four cases tested. The maximum was 
developed on the R face and, in order of decreasing hardness, the 
sequence of the remaining faces was O, I, and C. Pfeihs results 



Fig. 76. — Rate of hardening by cold work. Brinell ratio P/Z> 2 =30. (P/e£Z.( 736 >) 

on the rate of hardening of single crystals are summarized in 
Table 74 and Figs. 75 and 76. 

Gries and Esser (781) determined the relation between Brinell 
hardness and the degree of cold rolling of poly crystalline iron and 
single crystals of electrolytic iron. They found that single 
crystals had the lowest hardness on the cube faces, a higher 
hardness on the octahedral planes, and the maximum hardness 
on the rhombododecahedral planes. This is the same sequence 
of hardness differences that Pfeil found for cold-worked crystals. 
Gries and Esser also found that the difference between the 
hardness of the various faces persisted after cold rolling (Fig. 77) . 

217. Effect of Grain Size. — From a study of a steel containing 
0.07 per cent carbon (and other higher carbon steels), Rawdon 
and Jimeno-Gil C419) concluded that a pronounced increase in 
grain size was usually accompanied by a decrease in hardness 
but that grain size was, on the whole, a factor of minor importance 
in determining hardness. 
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Fig. 77. — Dependence of hardness upon the degree of rolling of polycrystalline 
iron and of single iron crystals with different orientations. 0 Cries and Essex. 


O’Neill / 8495 made a detailed study of the relation of grain size 
to hardness of iron. He called attention to the generally 
accepted belief that for a given testing load the Brinell hardness 


Table 74.— Brinell Hardness (Ratios P/D 2 = 10 and 30) for the 
Aggregate AT and Single Crystals B, O, I, and C in Six Stages 
of Cold Working* 


Specimen 

Ratio 

P/D 2 

Degrees of cold working in compression, per cent 

10 

25 

40 

55 

70 

80 

AT 

10 

121 

146 

160 

174 

185 

200 


30 

101 

124 

138 

144 

165 

182 

R 

10 

94 

117 

140 

163 

184 

202 


30 

92 

114 

137 

164 

181 

203 

O 

10 

88 

115 

140 

146 

179 

182 


30 

91 

114 

131 

150 

176 

186 

I 

10 

92 

121 

138 

152 

159 

163 


30 

96 

113 

130 

150 

155 

151 

C 

10 

89 

110 

122 

128 

137 

140 


30 

91 

107 

115 

124 

128 

133 


* PfeiD 73 ®) 
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of a metal increases as the grain size decreases and referred to 
work by Norbury (526) and by himself (528) on copper and aluminum, 
which indicated that, although a Brinell number obtained with 
a given load may vary with different grain size, yet the “ultimate 
Brinell number” ( i.e ., the Brinell hardness corresponding to a 
testing load which produced an indentation of a diameter equal 
to the diameter of the indenting ball) was constant for aggregates 
of different grain size. Pomp C332) previously determined the 
Brinell hardness of a soft iron (containing 0.08 per cent carbon) 
over a wide range of grain sizes. O’Neill regrouped Pomp’s 
results as follows: 


Grains per 

Brinell Hardness, 
5-mm. Ball, 

Sq. Mm. 

1000-kg. Load 

68 

83 

827 

87 

1350 

89 

2310 

96 

3970 

95 


O'Neill’s own results on specimens of two types. of low-carbon 
iron led him to conclude that: 

(a) Iron prepared from mild steel by decarburizing in hydrogen, 
straining, annealing in hydrogen, polishing, and annealing in vacuo has 
indentation-hardness values independent of the grain size, or of the 
orientation in the case of single crystals. 

( b ) Normalized Armco iron (carbon, 0.04 per cent), cold worked to 
various extents and vacuum annealed, has H (the ultimate Brinell 
number) independent of grain size and equal to 58, though constant- 
load hardness values show variations depending upon grain size. 

These variations were noticeable at low testing pressures and 
showed the fine-grained material to be softer than the coarse 
recrystallized material. 

O’Neill confirmed Pfeil’s results that the different faces of 
single crystals of decarburized iron gave the same Brinell values; 
and these values were the same as for crystal aggregates. How- 
ever, O’Neill’s work showed that the scratch hardness was dis- 
tinctly different in different directions on crystal faces. 

218. Summary of Hardness Data. — The Brinell hardness of 
electrolytic iron, as deposited, has been reported to be between 
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180 and 360, depending upon the conditions of deposition. 
Annealing treatments soften electrolytic iron; Brinell numbers 
between 50 and 90 have been reported for annealed material. 
Annealing at 1000°C. (1830°F.) or higher is necessary to produce 
minimum hardness. Brinell numbers between 60 and 70 have 
been reported for vacuum-melted electrolytic iron. The limited 
data which are available indicate that the Brinell hardness of 
carbonyl or “hydrogenized” iron is about the same as that of 
vacuum-melted electrolytic iron. 

The Brinell hardness of electrolytic iron is increased by cold 
work but not at so rapid a rate as that of open-hearth steel. 
Annealing at 500°C. (930°F.) or higher completely removes the 
hardness caused by cold work. Variation in grain size does not 
appreciably affect the Brinell hardness. There is no appreciable 
difference between the ball indentation hardnesses of various 
crystallographic faces of a single crystal but there appears to be a 
difference in the rate of work hardening in different directions 
through a single crystal. 

E. RESISTANCE TO IMPACT 

Relatively little work has been reported on impact tests of 
high-purity iron. Tritton and Hanson (585) made Izod tests on 
the “low-oxygen” material of some iron-oxygen alloys prepared 
by melting electrolytic iron. The “low-oxygen” ingot was 
reported to contain 0.08 per cent oxygen and 0.007 per cent 
phosphorus as impurities. This material had an impact strength 
of 3.2 ft-lb. 

Charpy impact tests on ingot iron containing 0.08 per cent 
carbon, 0.38 per cent manganese, 0.060 per cent sulphur, 0.066 
per cent phosphorus, and traces of silicon were made by Goerens 
and Hartel. C280) They found the impact strength at about 
20°C. (68°F.) to be of the order of 35 to 37 m-kg. per sq. cm. 
on a 10 X 30 X 160 mm. specimen. Their impact tests were 
also carried out at higher and lower temperatures (see p. 377). 

Impact tests with a Charpy specimen (8 X 10 X 100 mm., 
keyhole notch 0.65 mm. radius) were made by Bauer <427) on 
ingot-iron specimens which had been normalized from 900°C. 
(1650°F.), using a 10 m-kg. testing machine. The mean energy 
absorbed in a series of duplicate tests was about 12.2 m-kg. per 
sq. cm. 
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219. Single Crystals. — Although no quantitative values for 
impact strength of single crystals of iron were given by Edwards 
and Pfeil, <553) it is interesting to record their observations on the 
behavior of single crystals (grown in strip specimens by a strain 
and anneal method), placed in a vice and given a sharp hammer 
blow. Large iron crystals were frequently very brittle under such 
treatment, and in most cases the crystals broke along what 
appeared to be cleavage planes. In many instances it was 
possible to obtain fractures in two planes exactly at right angles 
to each other. A large proportion of the cleavage planes made 
angles of 45 deg. with the direction of shearing and 90 deg. with 
the surface of the strip. 

F. RESISTANCE TO FATIGUE 

220. Fatigue Properties of Commercially Pure Iron. — Fatigue 
tests of highly purified iron have not been reported. Stanton 
and Bairstow, (135>462) using alternating tension and compression 
with axial loading, tested Swedish charcoal iron containing 
0.039 per cent carbon, 0.018 per cent phosphorus, traces of 
manganese and silicon, and no sulphur. They found the maxi- 
mum limit of the resistance for 1,000,000 reversals at 800 cycles 
per min. with a ratio of tension to compression of 1.4 to be as 
follows: 


Tension ; 24,800 lb. per sq. in. 

Compression 17,700 lb. per sq. in. 

Range 42 , 500 lb. per sq. in. 


Armco iron containing 0.012 per cent carbon, 0.017 per cent 
each of silicon and sulphur, 0.014 per cent phosphorus, and 
0.07 per cent manganese was tested as received by Gough and 
Hanson. (51 ° Specimens in the form of a rotating cantilever were 
subjected to reversed bending stresses. Two methods of 
loading were employed: single-point loading to produce uniformly 
varying bending moment along the length of the specimen, and 
two-point loading to produce a uniform bending moment over a 
length of 3 in. Their results for solid specimens are summarized 
in Table 75. Subsequent experiments on annealed Armco 
iron subjected to alternate tension and compression in a Haigh 
machine showed that the fatigue limit for this material definitely 
exceeded the yield strength; the same result was found with the 
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Table 75. — Fatigue Tests of Armco Iron* 


Specimen 

No. 

Method of 
loading 

Applied range 
of stress, 
lb. per sq. in. 

Reversals, 

millions 

2 E 

Single-point 

27,800 

4.00 unbroken 

2D 

Single-point 

26 , 900 

27 . 99 unbroken 

2D 

Single-point 

34,300 

0 . 44 broken 

3 A 

Two-point 

28,600 

10.7 broken 

SB 

Two-point 

27,300 

39.94 unbroken 

SB 

Two-point 

30 , 600 

1.11 broken 

SC 

Two-point 

29,200 

3.02 broken 


* Gough and Hanson.t 511 ) 


same material subjected to reversed torsional stresses in a 
Stromeyer machine. 

The results of a number of investigations on endurance proper- 
ties of commercially pure iron (most of the tests were made on 
Armco iron) are summarized in Table 76. JenkinV 614) tests 
were made to determine the effect of frequency of reversals on an 
Armco iron wire 0.104 in. in diameter, normalized 30 min. at 
950 to 975°C. (1740 to 1785°F.), and air cooled. Jenkin con- 
cluded that the material gains slightly in fatigue strength as the 
frequency increases, but for most practical speeds the gain is 
insignificant. The results of Moore and Kommers (443J show the 
endurance limit of Armco iron determined on the Farmer rotating 
beam, Upton-Lewis reversed bending, and the Olsen-Foster 
reversed torsion machines. Additional tests on the Farmer and 
Olsen-Foster machines were reported by Moore and Jasper. (524) 

McAdam (731) also made corrosion-fatigue tests on ingot iron 
(0.033 per cent carbon, 0.025 per cent manganese, 0.005 per cent 
phosphorus, 0.036 per cent sulphur, and 0.003 per cent silicon) 
both as annealed and as heat treated. These tests were made at 
1450 r.p.m. The specimens were subjected to corrosion for only 
10 days and McAdam suggested that this time was entirely too 
short to give reliable data. His results are given in Table 77. 

A series of tests to determine the effect of cold work on the 
endurance properties of Armco iron was made by Merrils <573) 
but failure occurred in only one case; consequently definite values 
of endurance limits in various conditions cannot be given. 
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The effect of under-stressing on the endurance limit of hot- 
rolled Armco iron containing 0.015 per cent carbon, 0.03 per cent 
manganese, 0.01 per cent silicon, 0.050 per cent sulphur, and 
0.007 per cent phosphorus was studied by Kommers. (893) He 
reported that, with Armco iron having a virgin endurance limit 
of 26,200 lb. per sq. in., which is above the yield strength of 
22,700 lb. per sq. in. and is 60 per cent of the tensile strength 
(44,300 lb. per sq. in.), stressing for 20,000,000 cycles at the 


Table 77. — Corrosion-fatigue Tests on Ingot Iron* 


Heat treatment 

Endurance 
limit, lb. 
per sq. in. 

Ratio of endurance 
limit to tensile 
strength f 


In 

air 

In fresh 
water 

In air 

In fresh 
water 

Held at 955°C. (1750°F.) for 30 min., 
furnace cooled 

21,000 

15,000 

0.50 

0.35 

Held at 955°C. (1750°F.) for 45 min., 
quenched in water, held at 370°C. 
(700°F.) for 2 hr., furnace cooled. . 

24,000 

21,000 

0.55 

0.48 


* McAdam.VsO 

t Based on tensile strength of uncorroded specimens. 


endurance limit gave it a new endurance limit of 28,700 lb. per 
sq. in. or 10 per cent improvement. In the notched test, the 
endurance limit fell to 18,500 lb. per sq. in., a reduction of 30 
per cent. By stressing the notched bar at its own endurance 
limit its limit was raised 9 per cent to 20,100 lb. per sq. in. Cold- 
drawn Armco iron of a special grade known as “S. S. Magnetic” 
(0.04 per cent carbon, 0.02 per cent manganese, 0.03 per cent 
silicon, 0.032 per cent sulphur, and 0.005 per cent phosphorus) 
gave an endurance limit of 33,300 lb. per sq. in. 

221. Summary of Data on Resistance to Fatigue. — Available 
data are limited to results obtained from commercially pure irons. 
Reported results for the endurance limit of Armco iron range from 
12,000 to 38,000 lb. per sq, in. depending upon the conditions of 
test and the size and previous history of the specimen. Endur- 
ance limits between 24,000 and 28,000 lb. per sq. in. have been 
frequently reported. 
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G-. PROPERTIES AT HIGH AND LOW TEMPERATURE 

A considerable amount of work has been done on the properties 
of relatively pure iron (chiefly commercial ingot iron) at high 
temperatures. In this section attention will be paid to the 
so-called “short-time” high-temperature tensile tests, and 


Temperorhjre, deg. F. 



Fig. 78 . — Tensile strength, elongation, and modulus of elasticity of Armco iron at 
various temperatures. (Ziea.< 478 >) 

to high-temperature hardness, impact, and fatigue tests. 
The “long-time” high-temperature tensile properties, the 
“creep” properties, w r ill be considered in the section on plastic 
deformation. 

Relatively little work has been carried out on the properties 
of high-purity iron at low temperatures. 

222. Tensile Properties at Elevated Temperatures. — Tensile 
tests on Armco iron (0.02 per cent carbon, 0.043 per cent manga- 
nese, 0.03 per cent sulphur, and 0.013 per cent phosphorus) 
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were made by Lea C478) at temperatures from —50 to + 1000°G. 
( — 60 to + 1830°F.). His results (Figs. 78 and 79) showed a 
marked increase in tensile strength with decreasing temperature 
in the range just below atmospheric temperatures, and a progres- 
sive increase in elongation with decreasing temperature in the 
range +100 to — 50°C. (210 to — 58°F.). The tensile strength 
increased with increasing temperature from room temperature to 
a maximum at about 200°C. (390°F.). Over the greater part of 
this range the elongation remained at the minimum value 

Temperature , deg . F. 



Tempera+ure_, deg . C. 

Fig. 79. — Tensile strength and elongation of Armco iron at high temperatures. 

(LeaJ 47 *)) 

of about 15 per cent. Above 200°C. (390°F.) the tensile strength 
decreased steadily with increasing temperature up to about 
850°C. (1560°F.) after which it apparently passed through a small 
maximum at 950°C. (1740°F.). The elongation at temperatures 
above 400°C. (750°F.) varied in a rather erratic manner, but in 
general remained fairly high (50 to 90 per cent). Lea also deter- 
mined the effect of temperatures on the modulus of elasticity of 
Armco iron at temperatures from room temperature to a little 
over 300°C. (570°F.), as shown in Fig. 78. 

The effect of heat and strain on the tensile strength of iron 
was discussed by Sauveur and Lee. (632) Electrolytic iron with a 
tensile strength of about 40,000 lb. per sq. in. at room tempera- 
ture, at first became weaker as the temperature was increased. 
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exhibiting a strength of only a little above 35,000 lb. per sq. in. 
at 100°C. (210°F.). As the temperature was increased beyond 
100°C. the iron became stronger until it reached a maximum of 
about 56,000 lb. per sq. in. at 250°C. (480°F.). At temperatures 



Temperature, deg.C. 

Fig. SO. — Tensile strength of electrolytic iron at various temperatures. ( Sauveur 

and JLee.t 632 )) 

above 250°C. the strength of iron again decreased. Fig. 80. 
This temperature of maximum strength corresponds to the 
“blue-heat’ 5 range of increased strength in commercial steels 
but occurred at a somewhat lower temperature in the electro- 



Temperature,deg.C. 

Fig. 81. — Brinell hardness of electrolytic iron at room temperature, after straining 
at various temperatures. ( Sauveur and .Lee.c 632 )) 

lytic iron than in carbon steels. An increase in strength and 
hardness, similar to that which iron acquires by deformation 
beyond its elastic range at room temperature, occurs to an even 
greater degree as a result of plastic deformation of the metal 
at temperatures up to 250°C. (480°F.) (Fig. 81). The Brinell 
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hardness, a little over 50 in the annealed electrolytic iron, is 
increased to nearly 125 by straining at room temperature and to 
about 160 by straining at 250°C. (480°F.); the hardness in the 
latter case was measured at room temperature near the broken 



Fig. 82 . — Mechanical properties of Armco iron at elevated temperatures. ( Tap- 
sell and ClenshawS 742 >) 

ends of test specimens which had been ruptured at 250°C 
(480°F.). 

A rather complete survey of the high-temperature properties 
of an Armco iron containing 0.02 per cent carbon, 0.034 per cent 
sulphur, 0.017 per cent phosphorus, 0.03 per cent manganese, and 
traces of nickel and silicon was made by Tapsell and Clenshaw. <742) 
Their results for short-time tensile tests at elevated tempera- 
tures, including values for the modulus of elasticity, are given 
in Fig. 82. The tensile strength reached a maximum at about 
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250°C. (480°F.). Both the reduction of area and the elongation 
showed minima at two temperatures. In the lower temperature 
range corresponding to or slightly less than the temperature of 
maximum tensile strength, the minimum reduction of area 
occurred at about 250°C. (480°F.) and the minimum elongation 
at about 150°C. (300°F.). In the higher temperature range the 



Fig. 83. — Comparison of Brinell numbers obtained in dynamic and static tests at 
high, temperatures. ( KSrber and Simons 

minima for both reduction and elongation occurred at approxi- 
mately 600°C. (1110°F.). Tapsell and Clenshaw commented 
upon the tendency of Armco iron to contract locally at two or 
three places when tested at 150 and 200°C. (300 and 390°F.). 
They attributed this behavior to the probable momentary rise 
in temperature at that point which first suffers local contracting, 
this rise in temperature increasing the strength of the material 
locally and thus causing further local yielding to occur at other 
points. 
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223. Hardness at Elevated Temperatures. — The dynamic 
(impact) hardness of an ingot iron (0.05 per cent carbon, 0.41 
per cent manganese, 0.077 per cent phosphorus, 0.032 per cent 
sulphur, and a trace of silicon) was determined by Korber and 
Simonsen (569) over a range of temperatures. Their hardness 
numbers, calculated to equivalent Brinell numbers, present a 
different picture (Fig. 83) of the effect of temperature on hardness 
than is given by the usual Brinell numbers obtained from static 
tests on the same material. The Brinell hardness of the ingot 
iron under dynamic test (about 190 at 20°C.) decreased with 

Temperature , deg. F. 



Temperature, deg.C. 

Fig. 84. — Results of hardness tests on Armco iron. {Tapsell and ClenshawA 7 **?) 

increasing temperature to a minimum of about 140 at 300°C. 
(570°F.), while the static Brinell hardness increased from an 
initial value of 110 at 20°C. (68°F.) to a maximum of nearly 
130 at about 300°C. (570°F.), the temperature at which the 
minimum impact hardness occurred. 

Tapsell and Clenshaw (742) also compared the static and impact 
Brinell values of Armco iron. Their impact hardness numbers 
were calculated from the formula 



where I = impact hardness number, E = energy absorbed in 
making the indentation, in meter-kilograms, V = volume of the 
indentation in cubic centimeters calculated from the diameter. 
The results of Tapsell and Clenshaw (Fig. 84) present the same 
general' relationship between temperature, impact and static 
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hardness as did the results of Korber and Simonsen, except that 
Tapsell and Clenshaw found the maximum static hardness at a 
somewhat lower temperature (200°C., 390°F.), and the low values 
for impact hardness extending over a wider range of temperature. 

Measurements of the scratch hardness of rather pure 
decarburized iron at temperatures between —180 and +160°C. 
( — 290 and +320°F.) were made by O'Neill. C843? Figure 85 sum- 
marizes his results, representing the mean resistance to the 
production of a scratch 0.1 mm. wide (. Pw — 0.1) at the various 
temperatures, for specimen P 13 R, a cold-rolled poly crystalline 



Fig. 85. — Change in scratch hardness with temperature. (0’iVeiZ£.< 849 >) 


aggregate of a carbon-free iron made by decarburizing in hydro- 
gen a mild steel containing 0.44 per cent manganese, 0.02 per cent 
silicon, 0.028 per cent sulphur, and 0.020 per cent phosphorus; 
for specimen P 13 (7, a polycrystalline aggregate of the same iron 
but annealed; and for specimens “Grain 8" and “Grain 7," two 
single-crystal grains, the scratch on the “No. 8” grain being in 
the [1 1 0] direction on a (1 0 0) face. 

224. Impact at Elevated Temperatures. — Charpy impact 
tests on ingot iron which contained 0.08 per cent carbon were 
made by Goerens and Hartel (280) over the range of temperature 
from -75 to +1000°C. (-100 to +1830°F.). They found 
maxima of energy absorption at about 35 and 600°C. (95 and 
1110°F.) and the minimum at about 450°C. (840°F.). Figure 86 
represents the values for two different lots of ingot iron. 

The effect of temperature on the notched-bar impact tests of a 
variety of steels was studied by Greaves and Jones. (613) Included 



378 


THE METAL — IRON 


among the materials studied were Swedish bar iron, containing 
0.04 per cent carbon, 0.02 per cent silicon, 0.01 per cent man- 
ganese, 0.003 per cent sulphur, and 0.039 per cent phosphorus; 
and Armco iron, containing 0.03 to 0.07 per cent carbon, 0.01 per 
cent silicon, 0.02 to 0.03 per cent manganese, 0.02 to 0.046 per 
cent sulphur, 0.013 to 0.017 per cent phosphorus, 0.03 per cent 

Temperature, deg . F. 



3Tig. 86. — Results of impact tests on ingot iron. {Goerens and H artel . < 280 >) 

nickel, 0.01 per cent chromium, and 0.07 to 0.11 per cent copper. 
In tests at various temperatures with Charpy V-notch specimens 
they found (Figs. 87 and 88) that both of these relatively pure 
irons showed two maxima for the impact values; the low- 
temperature maximum occurred at about 0°C. (32°F.) for the 
Swedish iron and 150 to 250°C. (300 to 480°F.) for Armco iron; 
the high-temperature maximum for both irons occurred at 700 
to 800°C. (1290 to 1470°F.). The minimum energy absorption 
in impact, between these two maxima, was at 500 to 600°C. (930 
to 1110°F.). The two curves in Fig. 88 show that appreciably 
different results may be obtained from different specimens within 
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the range of composition of Armco iron. Specimen A represents 
the upper limit of this series for both carbon and sulphur contents, 
0.07 and 0.046 per cent respectively; specimen B represents the 
lower limit, 0.03 per cent carbon and 0.002 per cent sulphur. 
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Fig. 87. — Results of notched-bar impact tests of Swedish bar iron at different 
temperatures. Charpy machine. (< Greaves and JonesS 613 )) 


The impact values of specimen A are consistently lower than 
those of B. In an attempt to correlate high-temperature impact 
tests with static tests, Greaves and Jones also studied the energy 



Temperature, deg.C. 

Fig. 88. — Results of notched-bar impact tests of Armco iron at different tem- 
peratures. Charpy machine. (Creates and Jones 

absorbed in slow bending tests on notched bars of Armco iron 
(specimen A of Fig. 88) at elevated temperatures as shown in 
Fig. 89. The curve representing energy absorption still had the 
two maxima and the intervening marked minimum, as in the 
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impact tests, but the slower rate of straining shifted the whole 
curve towards lower temperatures, so that the minimum of the 
curve was at 170°C. (340°F.). 


Temperature, defij.F. 



Fig. 89. — Energy absorbed in slow bending tests on notched bars. Specimens 
apparently same as shown in Fig. 88. (Greaves and Jones .cois>) 


The same authors also determined short-time high-temperature 
tensile strengths of Armco iron. Tests were made at two differ- 
ent rates; in one series the duration of the test was 10 min. or 


Tempera+ure_,deg.F. 

0 200 400 600 800 1000 



Fig. 90. — Tensile tests on Armco iron “ A ” carried out at different rates 
and at different temperatures in special straining apparatus. (Greaves and 
Jones .< 613 >) 


less and in the other series it was usually more than 2 hr. The 
maximum tensile strength, after 2 hr., occurred at about 150°C. 
(300 °F.) under slow straining and at about 350°C. (660 °F.) under 
the more rapid rate of straining, according to Fig. 90. 
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Korber and Pomp (615) reviewed the prior work, on im pact 
tests at elevated temperatures, of Charpy, Cl43) Guillet and 
Revillon, (19S) Goerens and H artel, (280> Reinhold/ 3335 Mony- 
penny, (407) Strauss and Fry, (452) Langenberg, (520) Richardson and 
MacNutt, C578) , Goerens, (560) and Mailander, C571> restricting the 


Temperature, deg. F„ 



Fig. 91. — Influence of temperature upon the notch brittleness of ingot iron with 
different previous treatments. (. Korber and Pomps* 11 *)') 

review to the temperature range below 500°C. (930°F.) and 
calling attention to the fact that the position of the maximum 
impact strength at low temperatures varied widely (roughly 
from 0° to 300°C.) depending on the previous treatment of the 
iron. They also conducted tests on an ingot iron which con- 
tained 0.05 per cent carbon, 0.33 per cent manganese, 0.02 per 
cent silicon, 0.020 per cent phosphorus, and 0.028 per cent 
sulphur. They made Charpy V-notch impact tests from —80 
to +500°C. ( — 110 to +930°F.). The ingot iron was tested in 
five different conditions: 
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1. Quenched and tempered: quenched in water from 950°C. (1740°F.) 
and tempered 30 min. at 650°C. (1200°F.) in salt. 

2. As rolled: in the “as received” condition. 

3. Over-heated: 2 hr. at 1250°C. (2280°F.) and cooled in the furnace. 

4. Coarsened grain size: annealed 2 hr. at 930°C. (1700°F.), reduced 10 per 
cent in thickness by rolling, and finally heated 2 hr. at 850°C. (1560°F.). 

5. Rolled in the “blue-heat” range: annealed 2 hr. at 930°C. (1700 °F.) 
and rolled with 10 per cent reduction at 200°C. (390°F.). 

The results obtained by Korber and Pomp (615) showed (Fig. 91) 
that these five types of prior treatment, approximately in the 

Temperature, deg. F. 



Temperature, deg. C. 


Fig. 92. — Comparison of Charpy and “V” notch for Armco iron. Both types 
of specimens broken in Charpy machine. Depth of material broken = 0.5 cm. 
for Charpy-type notch; 0.8 cm. for “V” notch. {Tapsell and Clenshaw.V* 2 '*) 

order given, increased the temperature at which the maximum 
impact strength occurred and decreased the actual energy 
absorption at the maximum. The quenching and tempering 
treatment (No. 1) caused the maximum impact strength (20 to 22 
m-kg. per sq. cm.) to be reached below room temperature while 
the hot-rolled specimens (No. 5) reached a maximum of 10 to 
12 m-kg. per sq. cm. at 200 to 300°C. (390 to 570°F.). 

Impact tests on Armco iron were made by Tapsell and Clen- 
shaw C742) for the two types of specimens shown in Fig. 92. They 
found a marked maximum in energy absorption over the range 
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20 to 200°C. (70 to 390°F.) in specimens having the V-notch, a 
result which corresponded with the work of Greaves and Jones. 
The Charpy notch bars indicated no marked maximum in energy 
absorption between 0° and 500°C. (32 and 930°F.) as shown in 
Fig. 92. Tapsell and Clenshaw called attention to the impor- 
tance of knowing accurately the temperature of V-notched 
impact specimens when carrying out tests at what is normally 
called air temperature, on account of the large variation in 
impact value between 0° and 100°C. (32 and 210°F.). 

Temperature, deg. F. 



Temperature, deg.C. 

Fig. 93. — Fatigue tests on Armco iron. ( Tapsell and Clenshaw . ( 742 >) 

225. Fatigue at Elevated Temperatures. — Fatigue tests on 
Armco iron containing 0.02 per cent carbon, 0.034 per cent 
sulphur, 0.017 per cent phosphorus, 0.03 per cent manganese, 
traces of silicon and nickel, and no chromium were made by 
Tapsell and Clenshaw, C742) both at room and at elevated tem- 
peratures, under alternating tension and compression stresses 
(mean stress zero) in a Haigh machine operated at a speed of 
approximately 2400 cycles per min. Results are given in Fig. 93. 
The tests were made on a 10 7 reversal basis; the estimated fatigue 
ranges were based only on this number of cycles, and the authors 
stated that they were not in any way suggested as being the 
limiting fatigue ranges for an indefinite number of cycles. Their 
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data showed that the fatigue ranges for mean zero stress, based 
on 10 7 reversals, were considerably higher between the tempera- 
tures 300 and 400°C. (570 and 750°F.) than at room temperature 
although the limiting creep stresses were falling rapidly at these 
temperatures. Apparently the time taken to complete 10 7 
reversals was too short to allow the effect of creep to manifest 
itself ; the rate of reversal was too rapid. 

226. Properties at Low Temperatures. — A Swedish charcoal 
iron (0.045 per cent carbon, 99.82 per cent iron) at room tem- 


Table 78. — Properties of Swedish Charcoal Iron at Normal and at 
Very Low Temperatures* 


Properties 

Normal 
temperature, 
+ 15°C. 

(60 °F.) 

Liquid-air 
temperature, 
— 182°C. 

(— 295°F.) 

Liquid- 
hydrogen 
temperature, 
— 253°C. 

(— 420°F.) 

Tensile strength, lb. per sq. in. 

52,500 

116,500 

117,200 

Yield strength,! lb. per sq. in. . . 

41,700 


117,200 

Elongation, per cent 

25 

Nil 

Nil 

Reduction of area, per cent 

Brinell hardness f 

81 

101 

230 

Nil 

232 


* Dewai; and Hadfield< 122 > and DeHaas and Hadfield. (994 > 
t Reported as yield point. 
t Calculated froxn tensile test. 


perature had a tensile strength of 44,800 lb. per sq. in. and 20 
per cent elongation and as cooled in liquid air at — 182°C. 
( — 295°F.) a strength of 85,000 lb. per sq. in. with no elongation, 
according to Dewar and Hadfield. (122) Hadfield ci29) later re- 
ported tests on six Swedish charcoal irons (0.04 per cent carbon) 
at liquid-air temperatures which gave tensile strengths of 85,000 
to 121,000 lb. per sq. in. DeHaas and Hadfield C994) recently 
carried out tensile tests on a Swedish charcoal iron (0.03 per cent 
carbon, 0.01 per cent silicon, 0.04 per cent manganese, 99.89 per 
cent iron) at the temperature of liquid hydrogen ( — 252. 8°C.) 
and calculated the Brinell hardness from the maximum stress 
obtained in the tensile tests. The results obtained by Dewar 
and Hadfield and by DeHaas and Hadfield are summarized in 
Table 78. 
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Guillet and Cournot C468) made Brinell hardness tests on 
electrolytic iron at low temperatures with the following results: 


Temperature 

Brinell 

hardness 

°C. 

°F. 

+ 20 

+ 68 

80 

- 20 

- 5 

77 

- 80 

-110 

77 

-110 

-165 

95 

Liquid air 

269 


In coarsely crystalline specimens broken in tension impact 
at —10 to — 170°C. ( + 14 to — 275°F.), the course of the fracture 
was transcrystalline, and there was practically no deformation 
of the crystals broken at the lower temperatures, according to 
the recent work of Sauerwald and Pohle. (856) 

Heindlhofer ci056) applied a torsion test to cold-rolled bars, 
1 ^4 in. hi diameter and 1 in. in length, of purified iron at low 
temperatures, down to liquid-air temperatures, and found that 
the bars could be twisted through approximately four complete 
revolutions before rupture by shear occurred. It was therefore 
concluded that the range in which plasticity of iron in torsion 
disappears lies below liquid-air temperature. However, abrupt 
changes in the plasticity of iron were observed in other tests, 
at —20 to — 30°C. ( — 5 to — 20°F.) for an impact test, and at 
about — 155°C. ( — 245°F.) for a tensile test. The precise 
temperature ranges varied to some extent with the material, 
with its previous treatment, and with the shape and size of the 
specimen, but the differences in temperature between the three 
types of tests were unmistakable. However, after applying 
stress analysis to these data, Heindlhofer concluded that each 
of the three types of test involves a different combination of 
stresses and that the indicated temperature for the loss of 
plasticity is a function of that particular combination of stresses. 
“The ‘ plasticity ' of a metal depends upon the mode of action 
of the stresses which produce the deformation, and therefore 
upon the method of test.” 

227. Summary of Data on the Effect of Temperature on the 
Mechanical Properties of Iron. — The effect of temperature on 
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the different mechanical properties of iron is best summarized 
by reference to Figs. 78 to 93 inclusive. In general, an increase 
in temperature within the range from —250 to +1000°C. 
( — 420 to -f-1830°F.) is accompanied by a decrease in tensile 
strength, yield strength, and Brinell hardness and by an increase 
in elongation and reduction of area. However, the change in 
properties with increasing temperature is not always regular; 
in the temperature range above 0°C. a maximum in the strength 
and hardness curves is shown at temperatures within the blue- 
heat range ; Charpy impact tests show two maxima, in the vicinity 
of 100°C. (210°F.) and 700°C. (1290°F.), but the actual tempera- 
tures are appreciably affected by relatively small changes in 
composition. 


H. PLASTIC DEFORMATION 

Brittle materials rupture when subjected to applied stresses 
which exceed the elastic limit but many metals, including iron, 
can be appreciably deformed without rupture. According to 
Kenyon and Mehl, (1010) the first visible effect of cold plastic 
deformation on the microstructure of iron is the production of 
slip bands on a polished surface. If the deformation is a sufficient 
amount, the grains become distorted and elongated, and this 
appearance, unlike slip bands, is not changed by repolishing 
and re-etching. This effect can only be detected after con- 
siderable cold reduction. Macroscopically, cold-deformed iron 
exhibits, on fairly smooth or polished surfaces, a peculiar phe- 
nomenon that has been variously designated as Hartmann or 
Ltiders lines, “worms/' and “stretcher strains/' When formed 
in tension, these markings are surface depressions resulting 
from local yielding; when formed in compression, they are local 
elevations on the surface. Deformation does not produce these 
markings on iron which has been previously cold worked an 
amount sufficient to prevent a sharp yield point. Sudden or 
impact deformation produces the so-called impact twins or 
Neumann bands. These twins differ from twins in face-centered 
metal in that they frequently exhibit irregular or serrated out- 
lines; apparently iron forms no strain-anneal twins. 

228. Mode of Deformation of the Iron Crystal. — The mecha- 
nism of the first stages of plastic deformation of iron, before the 
crystalline grains become noticeably distorted and elongated, 
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has been a subject of extended investigation. Early studies of 
polycrystalline material led to controversial conclusions and it 
was only after single-crystal specimens were available that 
authoritative data on plastic deformation were obtained. One 
of the first studies of plastic deformation in a single crystal of 
iron was made by Taylor and Elam (689) who stated t-hat previous 
results were, in general, unreliable “partly because the largest 
crystals available were too small for accurate experiment, partly 
because workers have assumed that planes of slip coincide with 
crystal planes . . . , but chiefly because the analysis of strain 
has not been carried but in a systematic manner so as to obtain 
all information possible from external measurement of strained 
crystals.” Taylor and Elam's conclusion that slip in iron 
could be likened to the movement of a large bundle of rods 
which slide on one another was not entirely acceptable to subse- 
quent investigators. Pfeil (681) concluded that slip in an iron 
crystal occurs on icositetrahedral planes, the movement on a 
plane taking place in the direction of the trigonal axis parallel 
to that plane. Gough's extended study C714 * 780 ’ 886 ' 999) of single 
crystals led him to conclude that, in general, deformation of a 
body-centered cubic lattice such as that of alpha iron occurs 
by a process of duplex slip on two crystallographic planes, (110) 
and (12 3) or (112) and (12 3). Other authors/ 998 ’ 10255 however, 
are convinced that slip in alpha iron occurs only along the 
(1 2 3) planes. In some recent work by Akulov and Raewsky, <1042) 
in which a single crystal of iron was subjected to continuous 
pressure in the [10 0] direction, above the elastic limit, it was 
found that periodically alternating sliding occurred along the 
(10 0), (0 10), and (0 0 1) planes. Most of the investiga- 
tors agree with the theoretical conclusion, as expressed by 
Mathewson, aois) that “plastic deformation of a crystal occurs in 
the direction of a line of closest atom packing by block movement 
along planes of the densest atom packing on which the stress 
intensity has reached the highest value . . . the difficulty 
seems to be in the experimental determination of the orientation 
of the slip planes. 

In discussing the results of severe plastic deformation, Mathew- 
son c 10185 stated that 

... as the slipping proceeds in any crystal the process tends to become 
more complicated owing to a rotation which accompanies the block 
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movement and consequent increase of stress in other eligible slipping 
directions. Large amounts of deformation therefore bring many differ- 
ent slip planes into play, and in the case of ordinary poly crystalline 
material the process is further complicated by inhomogeneity of the 
force field at the grain boundaries. Hardening accompanies defor- 
mation of this character perhaps owing to an increased resistance to slip 
through the minute blocks of crystalline material which in moving 
past one another have developed slight differences in orientation. . . . 
In spite of the complex mechanism of the slipping process, the crystalline 
particles of metal worked into a given form by continued application of 
stress in some prescribed manner finally become forced into positions 
closely approximating a definite and characteristic preferred orien- 
tation. Simple stretching brings a cube face diagonal [110] into 
the axis of the rod with a radial disposition of a corresponding set of 
cube edges [0 0 1] in the different crystals. In cold-drawn wires [1 1 0] 
also occurs as the fiber axis. Under compression a body diagonal 
[111] and to a lesser extent a cube edge occurs in the direction of com- 
pression -with a cube face diagonal in the radial position. In torsion 
the cube, face diagonal and to some extent the [112] direction becomes 
the fiber axis with the body diagonal tangential. Cold rolling brings 
a face diagonal into the direction of rolling and a cube face into the plane 
of rolling. 

Between about 900 and 1400°C. (1650 and 2550°F.) gamma 
iron exists in a face-centered cubic pattern. 

No detailed study has been made of the slip planes and directions 
brought into play by hot working pure iron in this range of tempera- 
ture, but there is little doubt that the mechanics of deformation are 
analogous to those observed in aluminum, copper, and other face- 
centered metals. ... In the face-centered cubic metals only the planes 
of closest' atom packing, the octahedral planes (111), function as slip 
planes and the slip occurs in the direction of one of the three cube-face 
diagonals representing close-packed rows of atoms on the given plane. 
Four families of octahedral planes are available for this purpose. In 
single crystals under tension stress, slip starts on the set of octahedral 
planes for which the computed shear stress is a maximum and con- 
tinues on these planes until rotation of the lamellae brings an equal 
load on another set of octahedral planes. After a short period of 
extension by slipping on both sets of planes the crystal usually breaks 
with a wedge-shaped fracture. Pursuing the analogy with face- 
centered cubic metals (cold) still further, hot rolling of iron above 
905°C. (1660°F.) might be expected to develop preferred orientation of 
the crystalline particles with the normal to a trapezohedral plane, 
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(1 1 2), approximately parallel to the direction of rolling and a dodec- 
ahedral plane, (1 1 0), parallel to the plane of rolling. Subsequent 
cooling below the Az point would produce some form of reorientation 
depending upon the relationship between the two sets of crystal axes 
established during the transformation. No accurate details of this 
process are yet available. (991) 

The effect of increasing temperature, within the range of 
stability of a given allotropic form, is to increase both the ease 
and capacity for plastic deformation of a pure metal. This is 
due to the decreased elastic limit at higher temperatures and 
to the increased atomic mobility which tends to decrease or to 
prevent the development of work hardening in the material. 
The presence of alloying elements or impurities in a metal may 
cause irregularities in the temperature-plastic deformation 
relation due to solubility phenomena particularly in intergranular 
material; for example, “red shortness” in iron is usually ascribed 
to the presence of sulphur. Increasing the temperature through 
the range of an allotropic transformation naturally is accom- 
panied by a change in the deformation characteristics. 

229. Effect of Rate of Strain. — Time is also a factor in plastic 
deformation; in the ordinary processes of rolling, drawing, or 
forging, deformation is rapidly accomplished through the applica- 
tion of relatively large stresses; on the other hand, metals will 
creep, i.e, } will undergo slow but progressive deformation under 
lighter loads provided the load is continuously applied for long 
periods of time. 

The time factor in the plastic deformation of iron at elevated 
temperatures has been recognized in recent years as a most 
important consideration, in that the permissible loads in engineer- 
ing structures at elevated temperatures are very largely deter- 
mined by the total permissible change in dimensions over 
relatively long periods of time, frequently periods of several 
years. 

The high-temperature strength of iron as considered in previous 
sections was concerned only with tension tests made under 
conditions of relatively rapid loading of the specimens, rates of 
loading comparable with those employed in tension tests at 
normal temperatures. These rapid-loading tests at elevated 
temperatures are the so-called “short-time” high-temperature 
tests. Such tests, however, do not present a complete picture 
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of the strength of iron at high temperatures. If the load be 
maintained over a relatively long period of time, a specimen 
of iron at an elevated temperature may continue to elongate 
over a period of weeks, months, or years. This behavior is the 
so-called “creep” phenomenon. 

Studies of the behavior of metals under prolonged loading at 
elevated temperatures have received increasing attention in 
recent years, but relatively little work has been done on high- 
purity iron. The few data that are available have as a rule 

Te m pera+u re, d eg . F. 



Fig. 94. — Limiting creep stress of annealed and heat-treated iron "at elevated 
temperatures. (Pomp and DahmenS 737 >) 

been secured by different types of creep tests and are difficult of 
comparison. 

Cournot and Sasagawa (601) determined “creep limits” for a 
mild steel containing 0.04 per cent carbon. Their tests were of 
extremely short duration (1.5 hr.) and compare more with 
present-day “accelerated creep tests” than with the more usual 
long-time tests. Cournot and Sasagawa determined the high- 
est load which, at the selected temperature, failed to produce 
measurable creep over the 1.5-hr. period of test. The smallest 
rate of strain detectable in their work was of the order of 2 X 10“ 4 
mm. per hr. (8 X 10 -6 in. per hr.) on a specimen 100 mm. (4 in.) 
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long. With this value as the criterion for designating a creep 
limit Cournot and Sasagawa gave the following values for the 
creep limit of the 0.04 per cent carbon steel: 


Temperature, °C 

Temperature, °F 

Creep limit, lb. per sq. in. 


350 

400 

500 

660 

750 

930 

44,000 

28,400 

11,400 


600 

1110 

5700 


Pomp and Dahmen (737) used an accelerated creep test and 
arbitrarily selected as the creep limit that stress which produced a 
rate of creep of 0.001 per cent between the third and sixth hour 
of the loading period. They reported the results given in Fig. 
94 as representing the creep limit of a steel which contained 
0.046 per cent carbon, both as annealed and after quenching 
from 950°C. (1740°F.) in water and tempering at 550°C. (1020°F.) . 


Temperature, deg. F. 

300 350 400 450 500 550 600 650 


150 800 



Temperature, deg. C. 

Fig. 95. — Relation between ordinary tensile strength and limiting creep stress 
in Arm co iron. No. 1 is the limiting-creep-stress curve. The other curves 
show the stress giving the steady rate of stretch in inches per day for the estimated 
time of fracture. 


Curve 

Stretch, in. 

Time, days 

2 

0.001 

300 

3 

0.005 

60 

4 

0.010 

25 

5 

0.025 

8 

6 

0.075 

2 to 3 


Curve 7 gives the tensile strength. (TapseZZ and Clenshaw .< 742 >) 
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The relations found by Tapsell and Clenshaw C742) between 
short-time tensile tests and creep tests lasting from 50 to 70 days 
on Armco iron are summarized in Fig. 95. The limiting creep 
stress as given by Tapsell and Clenshaw represents a rate of 
creep of less than 1 X 10 -4 in. per day. 

A creep (extension-time) curve at 400°C. (750°F.) for Armco 
iron loaded at 6700 lb. per sq. in. was given by Baumann.< 873 > 
This curve showed the following initial deformation and creep: 


Initial extension 0 . 00026 

Extension after 250 hr 0 . 00052 

Extension after 750 hr 0.00057 

Extension after 1500 hr 0.00063 

Extension after 2500 hr 0 . 00067 


Pomp <902) gave “limiting creep stresses” (Table 79) for 0.06 per 
cent and 0.07 per cent carbon ingot irons as approximated by 
Pomp and Dahmen’s accelerated creep-test methods. 


Table 79. — Limiting Creep Stress op Ingot Iron* 


Mark 

Composition, per cent 

Limiting creep stress, 
lb. per sq. in. 

C 

Si 

Mn 

P 

S 

Cu 

300°C. 

(570°F.) 

400°C. 

(750°F.) 

500°C. 

(930°F.) 

A1 

0.06 

Trace 

0.43 

0.016 

0.029 

0.17 

15,500 

11,200 

3600 

B 1 

0.06 

Trace 

0.46 

0.031 

0.040 

0.21 

19,700 

9,900 

3400 

Cl 

0.07 

Trace 

0/42 

0.021 

0.046 

0.14 

17,600 

13,800 

1600 

B6 

0.07 

Trace 

0.42 

0.025 

0.039 

0.18 

23,100 

14 , 200 

1400 


f Pomp.( ,w ) 


In a study of the applicability of the Rohn method for deter- 
mining the creep characteristics of metals, Austin and Gier ci046) 
reported creep tests on a very pure iron in which only the follow- 
ing impurities were recognized: 0.001 per cent carbon, 0.004 
per cent silicon, 0.002 per cent manganese, 0.008 per cent sulphur, 
0.002 per cent phosphorus, 0.016 per cent oxygen, and a trace of 
copper. The Rohn test depends upon an arrangement such that 
the dimensional change of the creep specimen, supporting a 
constant load, automatically controls the heating current of the 
furnace. As the specimen elongates, the temperature is gradu- 
ally lowered until it finally reaches a value at which the constant 
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Temperature, deg. F. 



100 ZOO 300 400 500 600 700 600 

Temperature, deg. C v affer 150hr. duration of test 


Fig. 96. — Stress-temperature relation in iron after 150 hours duration of tesf. 
( Austin and Gier.( 1046 >) 


Temperature, deg. F. 



Temperature, deg.C. 

Fig. 97. — Relation between temperature, load, and rate of creep of iron after 
144 hours duration of test. ( Austin and GierA 1O4& 0 
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load is supported with no further elongation. The temperature 
therefore asymptotically approaches a constant value. 

Austin and Gier recorded in Fig. 96 the relation between 
load and the constant temperature approached at the end of the 
150-hr. periods of the Rohn test as applied to their “pure” iron. 
Figure 97 gives the rates of creep calculated from the rate of 
change of the temperature after the iron had been loaded as 
indicated for 144 hr. 

It should be noted that most of these data on the time factor 
in the plastic deformation of high-purity iron at elevated tempera- 
tures were obtained from tests which fall in the category of 
“accelerated creep” tests. The longer tests of Tapsell and 
Clenshaw and of Baumann presumably yield more dependable 
information than do the accelerated tests, but it cannot be stated 
definitely that even the longest test available, 2500 hr., truly 
depicts the creep characteristics of the material. 

I. AUTHORS’ SUMMARY 

Reported values for the tensile strength of relatively pure 
iron vary all the way from 14,000 to more than 100,000 lb. 
per sq. in., depending upon the physical condition and grain 
size, as well as the composition of the material. An increase 
either in purity or in grain size tends to lower the tensile proper- 
ties. The tensile strength of poly crystalline electrolytic iron 
which has been vacuum-melted and annealed, is probably within 
±5000 lb. of 40,000 lb. per sq. in. 

The modulus of elasticity of high-purity iron, according to 
the limited data available, is about the same as that of Armco 
iron. For poly crystalline material in the annealed state, 
Young’s modulus would be 30,000,000 lb. per sq. in. as deter- 
mined by extrapolation. This is intermediate between the 
values obtained for different directions in a single crystal of 
Armco iron, 19,000,000 lb. per sq. in. in the [1 0 0] direction and 
41,000,000 lb. per sq. in. in the [1 1 1] direction. 

The strength in compression also varies with the orientation; 
it is least when compressed on the plane of a cube face. The 
elastic limit in compression of a single crystal, according to 
Pfeil, (681 > varied from 5200 to 6600 lb. per sq. in., depending 
upon the orientation. 
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Brinell hardness numbers between 50 and 90 have been 
reported for electrolytic iron in the annealed condition and 
between 60 and 70 for similar material which has been vacuum- 
melted. The hardness number of iron is materially increased 
by the presence of impurities or added elements; it may be 
increased two- or threefold by cold working; changes in grain 
size exert relatively little effect on the results of hardness deter- 
minations; recent data indicate that there is no appreciable 
difference in the hardness of different faces of a single crystal of 
iron. 

Data for the resistance to impact and to fatigue of high- 
purity iron are not available at present. Our knowledge of the 
effect of high and low temperatures on the mechanical proper- 
ties of relatively pure iron is based almost entirely upon tests of 
Armco iron. The mechanical properties of this material vary 
in an irregular manner with changes in temperature, but, in 
general, an increase in temperature above — 250°C. (— 420°F.) is 
accompanied by a loss of strength and hardness in iron. 

Iron is capable of plastic deformation and, within the range of 
stability of each of the allotropic forms, both the ease and the 
capacity for plastic deformation are increased by an increase in 
temperature. The presence of alloying elements or impurities 
may cause irregularities in the relation between temperature and 
plastic deformation as a result of solubility phenomena. 

Additional data are desired for the mechanical properties 
of high-purity iron particularly in the form of single-crystal 
specimens. 



CHAPTER XI 


HEAT TREATMENT AND AGING 

Quenching — Annealing — Aging — Authors 7 Summary 

Heat treatment involves the heating and cooling of a solid 
metal at controlled rates, the object being the alteration of its 
properties. Heat-treatment operations are of two general types, 
quenching, where the heated metal is rapidly cooled, and anneal- 
ing, where the heated metal is cooled slowly. 

A. QUENCHING 

The quenching of iron-carbon alloys from suitable temperatures 
results in hardening of the metal but, as carbon is usually con- 
sidered the effective agent, high-purity iron would not be expected 
to exhibit this type of hardening. However, the evidence 
whether quenching does or does not produce hardening in high- 
purity iron such as electrolytic iron, is somewhat contradictory. 

230. Hardening of High-purity Iron by Quenching. — Boyn- 
ton (139) determined the relative hardness of the constituents of 
iron and steel after various treatments, by means of the Jagger 
microsclerometer. The hardness was measured by the number 
of revolutions of a diamond point necessary to drill to a depth of 
0.01 mm. The results indicated that quenching more than 
doubled the hardness of melted electrolytic iron, according to 
the following data: 


Hardness, Number 
of Revolutions 
Necessary to Pene- 


Treatment trate 0.01 Mm. 

Annealed, unetched 505 

Annealed, etched 502 

Melted, annealed, unetched 460 

Melted, annealed, etched 463 

Melted, quenched from 850°C. (1560°F.) 998 

Melted, quenched from 1300°C. (2370°F.) 982 

396 
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However, Bauer and Schneider (429) could not detect any 
increase in the Brinell hardness of electrolytic iron after quench- 
ing and concluded that the increase reported by Boynton was the 
result of cold work on the surface of the metal. Their deter- 
minations of the tensile strength of plates and rods of electrolytic 
iron showed quenching from various temperatures to be without 
effect on the strength, according to the results presented in 
Table 80. On the other hand, Ludwik and Scheu C620) found that 
heat treatment of previously annealed electrolytic iron at tem- 
peratures below 200°C. (390°F.) did not affect the irregularity 
in the tensile-strength curves, which they termed the yield 
strength, but that heat treatment at temperatures above 200°C. 
caused the irregularity in the curves to disappear. 


Table 80.- -Effect of Quenching on the Brinell Hardness and 
Tensile Strength of Electrolytic Iron* 


Quenching temperature 

Brinell 

hardness 

Tensile strength, lb. per 
sq. in. 

°C. 

°F. 

Plates 

Bars 

Annealed 


58.4 

36,800 

34,000 

620 

1150 

.... 


35,700 

650 to 660 

1200 to 1220 

56.8 


34,300 

720 to 730 

1330 to 1345 

55.2 

36,700 


800 to 810 

1470 to 1490 

57.7 


33,700 

820 to 840 

1510 to 1545 

56.9 

36,400 


850 to 860 

1560 to 1580 

58.3 

37 } 400 

33,300 

1000 

1830 

59.3 

33,700 


1050 to 1060 

1920 to 1940 

.... 

36,400 

34,300 

1100 

2010 

.... 


34,000 

1200 

2190 

56.9 



1250 

2280 

58.7 




* Bauer and Schneider. < 42a > 


On the assumption that carbon is essential to the forma- 
tion of martensite, Bain C544) stated that a pure iron cannot be 
hardened by quenching, at least not to an extent comparable 
with that obtained by cold working. Rawdon, in the discussion 
of Bain's paper, stated that electrolytic iron had been hardened 
by intensely heating a spot on a polished plate of electrolytic 
iron (carbon, 0.02 per cent) with a high-potential spark from a 
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pencil of the same iron. Only a small volume of iron was heated, 
consequently the subsequent cooling was extremely rapid. 
The degree of hardness obtained, as shown by the scratch test, 
was far greater than could be obtained by cold working. The 
results indicated the possibility that, contrary to the general 
belief, carbon is not fundamentally essential in the hardening 
of iron by quenching. Sauveur and Chou CS56A) found that drastic 
quenching of electrolytic iron, from temperatures above the 
A 3 transformation, produced a Widmanstatten or martensitic 
structure. Mehl and Smith <1064) occasionally obtained a Wid- 
manstatten figure in quenched electrolytic iron which contained 
only 0.004 per cent of carbon. 

231. Hardening of Commercially Pure Iron by Quenching. — 

That there is appreciable change in the hardness and other 
properties of commercially pure iron as a result of quenching 
was indicated by the data reported by Kenyon (787) for basic 
open-hearth ingot iron (Table 81). Whiteley C751) also found that 
the Brinell hardness of basic open-hearth ingot iron (0.035 per 
cent carbon) increased with increasing quenching temperature, 


Table 81. — Effect of Forging Practice and Heat Treatment on the 
Properties of Basic Open-hearth Ingot Iron* 


No. 

Treatment 

Yield 
strength, + 
lb. per 
sq. in. 

Tensile 
strength, 
lb. per 
sq. in. 

Elon- 
gation 
in 2 in., 
per cent 

Reduc- 
tion of 

area, 
per cent 

Brinell 

hard- 

ness 

Impact 

value, 

ft-lb. 

per 
sq. in. 

1 

As forged, finished cold 

26,900 

43 , 800 

41.8 

75.6 

101 

503 

2 

As forged, finished hot 

19,100 

42 , 200 

44.7 

77.3 

90 

422 

3 

Finished hot, annealed 25 hr. 
at 900°C. (1650°F.), cooled 
slowly 

18,300 

41,000 

47.0 

70.6 

82 

695 

4 

Finished hot, air cooled from 
940°C. (1725°F.) 

19,300 

43 , 500 

| 45.0 

73.7 

92 

390 

5 

Finished hot, water quenched 
from 940°C. (1725°F.) 

30,300 

47 , 000 

36.2 

70.0 

110 

452 

6 

Finished hot, water quenched 
from 940°C. (1725°F.) , tem- 
pered at 650°C. (1200°F.) . . 

20,800 

42,700 

41.8 

71.1 

94 

276 

7 

Finished hot, annealed 2.5 hr. 
at 900°C. (1650°F.), cooled 
moderately slowly (faster 
than No. 3) 

18,900 

42 , 900 

43.2 

72.8 

87 

163 


* Kenyon. <w> 
t Reported as yield point. 
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from 89 for the untreated metal to 116 for the same metal 
quenched from 980°C. (1795°F.). Dickie (820) found that the 
Brinell hardness of annealed basic open-hearth ingot iron, 
originally 79.5, was increased to 173 by quenching from 710°C. 
(1310°F.). 

232. Summary of the Effect of Quenching. — The information 
in the literature, although somewhat contradictory, seems to 
indicate that quenching as ordinarily practiced in heat treatment 
does not measurably affect the mechanical properties of high- 
purity iron, although unusually severe quenching, where the iron 
is cooled at an extremely rapid rate from a very high temperature, 
does result in hardening. The hardness of commercially pure 
iron, such as ingot iron, is increased by quenching. 

B. ANNEALING 

Annealing operations are employed to decrease the hardness, 
to remove strains, or to refine the structure of iron. The hard- 
ness and strained condition may be the result of cold working 
or, in the case of electrolytic iron, may be due to the presence 
of occluded hydrogen. 

233. Early Work on Annealing of Cold -worked Iron. — - 

Although data are plentiful on the effect of annealing the com- 
mercial forms of iron, little has been published on the annealing 
of high-purity iron for removing the effects of cold work. 

Portions of test bars of iron, which contained about 0.2 per 
cent impurities and which had been strained in tension, were 
annealed by Stead. (82) At 500°C. (930°F.) there was a slow 
recrystallization; between 600 and 750°C. (1110 and 1380°F.) 
rapid recrystallization occurred. Goerens C240) investigated the 
effect of annealing on cold-worked commercial iron and steel 
and found that there was little effect until a critical annealing 
temperature was reached. At this temperature, which varied 
between 520 and 580°C. (970 and 1075°F.) for different composi- 
tions, there was a sudden reversion of the properties to those of 
the original unworked metal. The action characteristic of any 
annealing temperature was exerted during the first few minutes 
of annealing, only small further changes being produced by 
prolongation of the annealing time. 

A critical range of deformation was observed by Sauveur. C265) 
With deformation greater or less than the critical range, little 
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or no crystal growth occurred upon annealing at 650°C.(1200°F.), 
whereas deformation within the critical range caused the forma- 
tion of abnormally large crystals. Hobin C290) investigated the 
effect of annealing on cold-worked mild steel and found that the 
crystal size reached a maximum during annealing at temperatures 
between 700 and 750°C. (1290 and 1380°F.), being smaller with 
either higher or lower temperatures. The results obtained by 
Chappell C301) on basic open-hearth ingot iron and Swedish 
wrought iron may be summarized as follows: 

1. Plastic strain in practically every degree produced recrystallization in 
iron on annealing below the A 3 temperature. 

2. The temperature of re crystallization became lower with increased 
amount of deformation. The incipient stages started as low as 350°C. 
(660°P.) and with sufficient time recrystallization was complete at 700 to 
750°C. (1290 to 1380°F.). 

3. Practically carbon-free iron, after plastic deformation at any temper- 
ature below 900°C. (1650°F.) } recrystallized when annealed. Under certain 
conditions the crystals developed to abnormal sizes. 

The recrystallization temperature of cold-worked ingot iron 
was found by McAdam (382) to be between 480 and 800°C. (900 to 
1470°F.). In this range the metal behaved as if it contained 
recrystallization nuclei, the number depending upon the degree 
of deformation. A further study (392) indicated that for cold- 
compressed ingot iron there was little tendency to coalesce or to 
recrystallize below 790°C. (1450°F.). Above that temperature 
the tendency to coalesce increased rapidly with increasing 
temperature, reaching its maximum at 870°C. (1600°F.). 

234. Work of Oberhoffer and Associates on Annealing Cold- 
worked Iron. — Probably the outstanding work on the relation 
between the amount of cold work, the annealing temperature, and 
the resultant grain growth in high-purity iron is that of Oberhoffer 
and Oertel. C408 ’ 574) Cylinders of electrolytic iron were deformed 
by compression, the amount of deformation being measured as 
the percentage reduction in height. These deformed cylinders 
were annealed at temperatures between 200 and 870°C. (390 and 
1600°F.) for 15 min. to 25 hr. The results, some of which are 
reproduced in Table 82, indicated that the temperature at which 
recrystallization began depended on the amount of previous 
deformation, being lower with increasing deformation. With 
severe deformation the grain growth was slow at annealing 
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temperatures up to 700°C. (1290°F.) but was rapid at higher 
temperatures; with mild deformation the grain growth, once 
started, was rapid. The hardness of the specimens (Table 83) 
could not be judged by the microstructure and appeared to be 
independent of grain size, indicating the occurrence of a physical 
change not visible to the eye. 


Table 82. — Recrystallization on Annealing op Cold-worked 
Electrolytic Iron* 


Anneal- 
ing time 

Annealing 

temperature 

Grain size in ju 2 for reduction by 
compression of 

°C. 

°F. 

5% 

25% 

50% 

75% 

15 min. . . . 

400 

750 

100 

,000 

100 

,000 

100,000 

100,000 


450 

840 

100 

,000 

100 

,000 

t 

t 


500 

930 

100 

,000 

100 

,000 

370 

480 


600 

1110 

32 

,000 

11 

,000 

530 

900 


700 

1290 

51 

,000 

40 

,000 

2,260 

2,104 


800 

1470 

86 

,000 

50 

,000 

5,270 

2,500 


870 

1600 

98 : 

,000 

85 

,000 

25,000 

! 39,000 

1 hr 

400 

750 

100 

,000 

100 

,000 

100,000 

100,000 


450 

840 

100 

,000 

100 

,000 

t 

t 


500 

930 

100 

,000 

100 

,000 

730 

580 


600 

1110 

42 

,500 

12, 

,000 

1,400 

1,600 


700 

1290 

56 

,000 

. 18 

,500 

3,000 

2,200 


800 

1470 

59 

,000 

65 

,000 

47,300 

3,400 


870 

1600 

65 

,000 

90 

,000 

52,000 

49,000 

10 hr 

400 

750 

100 ; 

,000 

100 

,000 

t 

t 


500 

930 


r 

18 

,000 

900 

460 


600 

1110 

38 

,000 

16 

,500 

1,200 

. 530 


700 

1290 

43 

,000 

25, 

,000 

1,800 

600 


800 

1470 

64 

,000 

41, 

,000 

2,600 

97,000 


870 

1600 

86 

,000 

51, 

,500 

97,000 

99,000 


* Oberhoffer and Oertel.< 40S > 
t Recrystallization begins. 


In an investigation of the recrystallization of commercial irons 
and other metals, Oberhoffer and Jungbluth (4S2) found that 
commercial iron showed maximum grain growth after 10 per cent 
deformation and subsequent annealing at 700 to 800°C. (1290 to 
1470°F.). To determine if this anomaly was characteristic of 
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Table 83. — Effect of Annealing on the Brinell Hardness of 
Cold-worked Electrolytic Iron* 


Annealing 

Brinell hardness 

after reduction in area of 

temperature 

0% 

5% 

25% 

50% 

75% 

°C. 

°F. 

Not annealed 


80.7 

115.3 

159.4 

152.4 

200 

390 


81.2 

117.0 

157.6 

(199.3)? 

300 

570 


74.7 

115.2 

146.0 

148.4 

400 

750 


64.4 

108.3 

135.3 

116.5 

500 

930 


62.5 

87.0 

70.4 

49.3 

600 

1110 


57.7 

54.5 

51.8 

49.1 

700 

1290 


53.0 

52.4 

50.0 

41.0 

800 

1470 


49.3 

52.9 

48.4 

42.4 

870 

1600 


48.5 

52.4 

45.4 

41.2 

950 

1740 

42.4 
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iron or was an effect of the impurities in the commercial iron, 
Oberhoffer and Oertel C574) repeated their work with electrolytic 
iron but with smaller intervals of deformation. The results 
(Table 84) showed no maximum grain growth within the range 
of critical deformation, indicating that Oberhoffer and Jung- 
bluth’s results were probably due to impurities present -in com- 
mercial iron. Their results were also presented in the form of 
a three-dimensional diagram (Fig. 98). 

235. Later Work on Annealing Cold -worked Iron. — The 
recrystallization of deformed ingot iron (iron content about 
99.8 per cent) was investigated by Fischer. (507) If the tempera- 
ture of deformation was below the A 3 point, recrystallization, 
which was visible without a microscope, took place between 
590 and 910°C. (1095 and 1670°F.) and occurred at a maximum 
rate at 730°C. (1345°F.). At this temperature at least 2 hours’ 
annealing was necessary to obtain noticeable recrystallization; 
with 6 hours’ annealing, recrystallization was completed. The 
greatest crystal growth occurred when the material was stressed 
to, or just above, the elastic limit. Such material showed very 
little strength and was particularly deficient in toughness as 
indicated by the notched-bar impact test. 


Table 84. — Re crystallization of Cold-worked Electrolytic Iron* 


Annealing 

temperature 


Grain size in m 2 after deformation in compression of 


°c. 

°F. 

5% 

10% 

15% 

20% 

30% 

50% 

75% 

300 

570 

95,000 

95,000 

120,000 

95,000 

95,000 

j 


400 

750 

94,000 

130,000 

95,000 

95,000 

95,000 



500 

930 

140,000 

160,000 

95,000 

95,000 

95,000 

t 

78 

600 

1110 

170,000 

16,000 

18,000 

16,000 

3,000 

1,250 

135 

700 

! 1290 

97,000 

68,000 

40,000 

36,000 

11,600 

4,000j 

2,700 

800 

1470 

150,000 

150,000 

73,000 

61,000 

40,000 

13,200 

11,600 

870 

1600 

4,000,000 

400,000 

98,000 

94,000 

75,000 

62,000 

49,000 


* Oberhoffer and Oertel.< 57,t > 
t Recrystallization begins. 


Freeman (660) observed that cold-rolled electrolytic iron showed 
incipient recrystallization when annealed at 400°C. (750°F.) 
and underwent marked recrystallization as revealed by the 
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microstructure and by the change in physical properties (Figs. 99 
and 100) after 30 minutes’ anneal at 500°C. (930°F.). Increase 
in carbon content increased the temperature necessary to start 
recrystallization, cold-rolled sheet steel (0.06 per cent carbon) 
showing incipient recrystallization at 600°C. (1110°F.). Sauveur 
and Lee (632) found that annealing at temperatures above 425°C. 
(795°F.) was necessary to soften cold-worked electrolytic iron, 

Annealing -temperature, deg. F. 



but Wever and Pfarr ci037) found, as did Freeman, that recrystal- 
lization of cold-worked electrolytic iron or ingot steel begins at 
400°C. The results of Tammann and Moritz/ 1031) shown in 
Fig. 101, indicated that most of the hardness of electrolytic iron 
after cold working was removed by annealing between 500 and 
600°C. (930 and 1110°F.) but that annealing at 800°C. (1470°F.) 
or above was necessary for complete recovery. 

X-ray investigation by Kurdjumow and Sachs C894) of the struc- 
ture of electrolytic iron and of soft iron, after rolling and after 
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Annealing temperature, deg. C. 

Fig. 100. — Effect of annealing on the elongation of cold-rolled electrolytic iron. 

(Freeman 


Temperature, deg. F. 

~ ~ 200 400 600 800 1000 J200 1400 1600 ! 800 

u.o ~p -j— " p 

• • 60 per cent reduction 



Fig. 101. — Effect of annealing on the indentation hardness (2.37 mm. ball, 20.1 
kg. load) of cold-worked electrolytic iron. ( Tammann and Moritz. 
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recrystallization, indicated that the structure produced by rolling 
was not entirely lost upon recrystallization but persisted even 
after heating above the A 3 transformation and slowly cooling. 

When cold-worked basic open-hearth ingot iron was heated 
there was a slight evolution of heat at 690°C. (1270°F.) according 
to Krivobok. (617) As this heat effect did not recur on cooling 
or on reheating of the sample, it apparently represented the 
release of energy introduced during cold working. Sat6 C938) 
also found that heat was released when cold- worked iron was 
annealed, the temperature of the maximum heat effect being 
about 550°C. (1020°F.) for cold-rolled electrolytic iron and about 
570°C. (1060°F.) for basic open-hearth ingot iron. 

The results of a photomicrographic study of the recrystalliza- 
tion of cold-worked electrolytic iron by Krivobok (674) may be 
summarized as follows: After cold work, the orientation of the 
grains of the metal as a whole is preserved, distortion affecting 
only slight volumes of the crystalline material. The distorted 
portions take the form of narrow streaks. When the metal is 
heated the distorted portions tend to revert to the stress-free 
condition. The material in the strain markings, the most dis- 
torted material, crystallizes first, the metal between the strain 
lines being . unaffected and structureless. As recrystallization 
continues the grains penetrate the structureless mass and finally 
the whole metal is completely recrystallized. The time between 
cold working and annealing is a factor in the recrystallization; 
with annealing following immediately after cold working complete 
recrystallization occurred, whereas with lapse of time between 
deformation and annealing recrystallization was incomplete. 

The time factor in the softening of deformed metals by anneal- 
ing was investigated by Sauerwald and his associates. C939,1024) In 
the latter investigation, cylindrical samples of copper and 
hydrogen-purified mild steel were compressed at different 
temperatures by a falling hammer, annealed at the temperature 
of compression, and then quenched; the Brinell hardness was 
determined at room temperature. By this method the effects 
of the recovery of crystalline properties (Erholung) and of 
recrystallization could be separated. Recovery without recrys- 
tallization had a greater softening effect with iron than with 
copper. It was not determined whether, with sufficient time, 
complete softening may be effected by recovery without recrystal- 
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lization. It was concluded that proposed theories of recrystal- 
lization must be modified to take into consideration the time 
factor. 

Numerous theories of the mechanism of recovery and recrys- 
tallization in deformed metals have been proposed, based in 
many cases on studies of the phenomena in nonferrous metals 
as well as in iron, but applicable to metals in general. Some 
of the more important papers in regard to the theoretical 
aspects of recrystallization are those by Dehlinger, C770 * 819 ' 877) 
Alterthum/ 461 ’ 915) Gross, (563) Masing, (821 » 623) van Arkel and 

Koets, C746) Tammann (864i909) and Tammann and Crone. C910) 
Czochralski (704;> reviewed the theories and developments in 
recrystallization studies up to 1921 and Dehlinger (S19) brought 
the review up to 1927. 

236. Effect of Annealing on the Hardness and Structure of 
Cathode Iron. — That the characteristic brittleness of electrolytic 
iron as deposited is removed by annealing and that the removal of 
brittleness is accompanied by an evolution of hydrogen were 
matters of early knowledge. Cailletet (30) in 1875 showed that as 
much as 284 times its volume of hydrogen was evolved from 
electrolytic iron during annealing with accompanying loss in 
hardness. 

The relation between annealing temperature, time, and the 
hardness and crystal structure of electrolytic iron was investigated 
by Cournot ( 41 1:) using test pieces annealed in a gas-fired furnace 
and in a fused salt bath. The original structure of the cathode 
iron was partially altered by annealing between 650 and 750°C. 
(1200 and 1380°F.); at 850°C. (1560°F.) and above, it was 
completely altered to the normal ferrite structure. This com- 
plete alteration of the structure did not coincide with the attain- 
ment of minimum hardness; 1 hour's anneal at 850°C. (1560°F.) 
sufficed to complete the change in structure but 4 hr. at that 
temperature were not sufficient to produce minimum hardness. 
Two hr. at 950°C. (1740°F.) or 1 hr. at 1050°C. (1920°F.) were 
necessary for complete annealing (Table 85). 

The heat treatment of electrolytic iron deposited to build up 
undersized or worn steel parts was studied by MacFadyen. C406) 
If the metal was annealed at a temperature above the As point 
for a short time (30 min. at 950°C. [1740°F.]), the sharp dividing 
line between the steel and the electrolytic iron disappeared, the 
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Table 85. — Effect of Annealing on the Brinell Hardness of 
Electrolytic Iron* 


Annealing j 
temperature 

Initial 

hard- 

ness 

Brinell hardness after indicated time at 
annealing temperature 

°C. 

°F. 

10 

min. 

20 

min. 

40 

min. 

1 

hr. 

2 

hr. 

4 

hr. 

6 

hr. 

650 

1200 

164 

161 

160 

161 

159 

155 



750 

1380 

164 

155 

157 

153 

152 

144 

140 

136 

850 

1560 

164 

135 

120 

115 

107 

95 

92 


950 

1740 

164 

103 

100 

96 

88 

84 



1050 

1920 

164 

88 

87 

84 

83 

83 




* Coxirnot/ 411 ) 


needle-like crystals of the deposit altered to ferrite grains which 
interlocked with the grains of the steel. Attempts to chip off 
the deposited iron caused portions of the base metal to come away 
with the deposit. At annealing temperatures below A z the 
line of demarcation between the base metal and the deposit 
remained sharp. Case hardening the deposit at 850°C. (1560°F.) 
without previous annealing failed to obliterate the junction line; 
with case hardening at 950°C. (1740°F.) the junction line was 
less sharp but still discernible. Case hardening at 850°C. 
followed by annealing at 950°C. also failed to obliterate the 
junction line, whereas a short anneal at 950°C. followed by case 
hardening at 850°C. gave a structure which showed no discon- 
tinuity between the base metal and the deposit. 

The effect of annealing temperature on the hardness, structure, 
and rate of loss of hydrogen in electrolytic iron was investigated 
by Pilling. (486) The iron used contained 0.005 per cent carbon, 
0.001 per cent manganese, 0.005 per cent phosphorus, 0.022 per 
cent silicon, 0.005 per cent sulphur, 0.11 per cent hydrogen, and 
a trace of copper. Specimens were annealed in air, in an electric 
tube furnace. At the higher temperatures a thin scale of oxide 
was formed but this was ground off in preparing the surface for 
the hardness measurements. The scleroscope hardness remained 
constant for annealing temperatures up to 200°C. (390°F.) (Fig. 
102), but an anneal at 300°C. (570°F.) increased the hardness 
from 26.4 to 45.3. Material annealed at 200°C. cracked when 
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hammered but that annealed at 300°C. deformed satisfactorily 
under the hammer. The hardness decreased with increasing 
annealing temperature to a minimum at 795°C. (1460°F.). 
There was a slight increase in hardness of material annealed at 
900°C. (1650°F.) but the increased hardness was lost by annealing 
at 945°C. (1730°F.). The rate of evolution of gas was measured 


Temperature, deg. F. 



Hardness of annealed elecfroly+ically deposited iron ! 



0 100 200 300 400 500 600 700 800 900 1000 


Temperature, deg . C. 

Rate of evolution of hydrogen from electrolytically deposited iron on heating 

Fig. 102. — Relation between annealing temperature and the hardness, struc- 
ture, and hydrogen evolution of cathode electrolytic iron. Curves 1 and 2 are 
duplicate runs of the same iron. (Pilling. c^ 6 )) 

by the pressure when the temperature of specimens in a vacuum 
was slowly raised to about 1000°C. (1830°F.). The average 
rate of increase in temperature between 100 and 800°C. (210 and 
1470°F.) was 13°C. (23°F.) per min. The rate of evolution of 
gas increased rapidly above 100°C. (210°F.) to a maximum at 
about 200°C. (390°F.), decreased to a minimum between 400 and 
500°C. (750 and 930°F.) ? increased slightly with temperature to 
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about 700°G. (1290°F.), then decreased to zero at about 950°C. 
(1740°F.) as is shown in Fig. 102. There was little change in 
microstructure below 600°C. (1110°F.), at which temperature a 
distinct coalescence into larger units of similar crystallographic 
orientation began. This primary recrystallization was com- 
pleted at 700°C. (1290°F.). Above 900°C. (1650°F.) there was a 
complete structural change, the new structure resembling that 
of iron which had been fused. 



Fig. 103. — Effect of annealing on the hardness of cathode electrolytic iron. 

( Cazaud and Hugues. c 600 >) 

The hardness of “Beve” electrolytic iron was found by Cazaud 
and Hugues (60o:) to decrease rapidly for annealing temperatures 
between 850 and 950°C. (1560 and 1740°F.), with little further 
decrease at higher annealing temperatures up to 1100°C. (2010°F.) 
(Fig. 103). They stated that tensile strength and impact values 
substantiated this finding but did not give sufficient information 
concerning their data to permit proper interpretation. 

Reed^ 627 ^ annealed strips of electrolytic iron at temperature 
intervals of about 40°C. (70°F.) and tested for brittleness by 
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bending the annealed strips. The specimens remained brittle 
after annealing at temperatures below 345°C. (650°F.) ; specimens 
annealed at that temperature were malleable and could be bent 
through an angle of 180 deg. No change in microstructure was 
observed to accompany the increase in ductility. The very 
fine-grained structure of the iron, as deposited, assumed a 
polyhedral shape upon annealing at 675°C. (1245°F.); annealing 
at 790°C. (1450°F.) caused little further change in structure. 

Electrolytic iron after heating to 1000°C. (1830°F.) had the 
granular structure of ordinary iron, according to Burgess and 
Watts. (142) Storey (317) found that the structure of cathode iron 
changed completely to that of ordinary ferrite when the specimens 
were heated for 1 hr. at 910 to 915°C. (1670 to 1680°F.), but that 
no change in structure was detectable after one hour's heating 
at any temperature below 875°C. (1605°F.). When heated 
above the A 3 range, fine-grained cathode iron changed more 
readily to the ferrite structure than did coarse-grained iron. 
The grain size of the ferrite corresponded roughly with the 
structure of the cathode metal, I.e., fine-grained ferrite was 
produced from a fine-grained cathode metal. 

Annealing in hydrogen as a method of removing sulphur 
from electrolytic iron was studied by Oma. CS4S) Electrolytic iron 
from a sulphate bath contains as much as 0.03 per cent sulphur 
according to Oma; about 0.001 per cent is present as sulphide 
from the anode material, the remainder being sulphate from the 
electrolyte. By heating at temperatures above 800°C. (1470°F.) 
in hydrogen most of the sulphur could be removed, the rate of 
removal being a function of time, temperature, and particle 
size. The following data illustrate the influence of these three 
variables on the removal of sulphur from electrolytic iron: 

Effect of Temperature (50-mesh powder) 

0.013 per cent sulphur removed in 2 hr. at 800°C. (1470°F.) 

0.028 per cent sulphur removed in 2 hr. at 950°C. (1740°F.) 

Effect of Time (50-mesh powder) 

0.027 per cent sulphur removed in 2 hr. at 900°C. (1650°F.) 

0.030 per cent sulphur removed in 4 hr. at 900°C. (lGSQT.) 


Effect of Particle Size 

50-mesh powder 0 . 028 per cent sulphur removed in 2 hr. at 950°C. 

30-mesh powder 0 . 020 per cent sulphur removed in 2 hr. at 950°C. 

5-mm. diameter. ..... 0.012 per cent sulphur removed in 2 hr. at 950°C. 
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237 , Grain Growth in Annealing. — Annealing electrolytic 
iron at temperatures below 900°C. (1650°F.) did not affect the 
crystal structure, according to Stead and Carpenter/ 295 ) other 
than to cause slight recrystallization of the surface which had 
been cold worked in preparing the specimens. They found that 
heating at 910 to 915°C. (1670 to 1680°F.), followed by cooling 
to room temperature, produced very coarse crystals, the change 
in crystal structure being very abrupt as it was completed after 
2 or 3 sec. at the high temperature. The new crystals were 
equiaxed, but if the annealing temperature was raised to 930°C. 
(1705°F.) radial crystals appeared and at higher temperatures 
displaced the equiaxed crystals entirely. Coarse crystals were 
obtained only when the iron was cooled slowly through the Ar z 
point; quenching from temperatures above A 3 resulted in a finely 
crystalline structure. The formation of abnormally large 
crystals occurred only in thin sheets of electrolytic iron, about 
0.01 in. in thickness. Once the coarse crystals were formed, no 
heat treatment below the Ac s point, without previous cold 
deformation, would refine or alter them. Stead and Carpenter 
suggested that if a certain number of alpha-iron nuclei are present 
after heating above Ac z , these act as centers of rapid recrystalliza- 
tion when the Ar 3 transformation occurs, with coarse recrystal- 
lization resulting. When heated to a temperature considerably 
above the Ac 3 point the alpha-iron nuclei are completely destroyed 
and re crystallization upon passing through the A 3 transformation 
results in a fine-grained structure. 

238. Theories of Grain Growth. — Jeffries (379) in 1916 advanced 
the hypothesis, to explain grain growth, that when a metaTis 
heated a “germinative” temperature is reached at which adjacent 
grains coalesce and form larger ones. This temperature is 
affected somewhat by the rate of heating; rapid heating requires a 
higher temperature to initiate grain growth, but growth is more 
rapid. High resistance to grain growth, either inherent in the 
metal or resulting from the presence of impurities, necessitates a 
higher germinative temperature but results in the formation of 
coarse crystals, on account of the rapid growth at the higher 
germinative temperature. In the case of material which has been 
cold worked the size of the grains before deformation influences 
the size of the grains formed during annealing; large grains before 
deformation result in large grains after annealing. Uniform 



HEAT TREATMENT AND AGING 


413 


grain size with a temperature gradient, or uniform temperature 
with deformation, or a combination of the two, results in the 
formation of large grains at the germinative temperature. 

Howe C373) elaborated Jeffries* explanation and summed up the 
influences affecting grain grovrth as follows: Grain growth is 
favored and the germinative temperature is lowered by grain 
fineness, by grain-size contrast, by prior plastic deformation, 
and by increase in temperature. Grain growth is opposed, 
and consequently the germinative temperature is raised, by 
obstructions such as cementite or slag and by grain-size equaliza- 
tion or decrease of grain-size contrast. The rate of growth 
increases with the difference in the absorption power between 
adjoining grains, whether this is due to a difference in their 
temperature, their size, or their prior plastic deformation. It 
further increases with temperature, with critical grain fineness 
and with prior plastic deformation. The rate of growth decreases 
as the grain size increases. 

In discussion of the papers of Jeffries (379) and of Howe/ 373) 
Ruder stated that annealing at 1000°C. (1830°F.) of powdered 
electrolytic iron, which had been compressed, resulted in the 
formation of large crystals, but that re-annealing at 1300°C. 
(2370°F.) caused the large crystals to break up, producing 
material with a fine grain structure. Jeffries* explanation of this 
was that at 1000° C. the small gamma-iron grains formed germi- 
nant centers for alpha iron which absorbed the small germinant 
grains as the allotropic change occurred, with large alpha-iron 
grains resulting; at 1300°C. the iron was composed of large 
gamma-iron grains which broke up into alpha iron from several 
centers at the same time and thus caused a small-grained struc- 
ture of alpha iron. It may be mentioned here that although 
Ruder found that powdered, compressed electrolytic iron showed 
grain growth -when annealed at 1000°C., Sauerwald C488) found a 
temperature of 1100°C. necessary to initiate grain growth in 
similar material. Howe (388) considered the evidence of the inherit- 
ance by alpha iron of the gamma-iron grain size so abundant as 
to cast doubt on Jeffries* explanation and offered as a simpler 
explanation the grain growth by metal coarsening as in the- case 
of the growth of large crystals by the method of Stead and 
Carpenter. Ruder in the discussion of Howe*s paper C3S8) stated 
that, if a specimen of strained ingot iron was annealed at 1000°C. 
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(1830°F.), a fine-grained structure resulted and that annealing 
at 1300°C. (2370°F.) caused the gamma grains to grow forming a 
coarse structure, the reverse of the results with powdered iron. 
The coarse-grained ingot iron from the 1300°C. anneal, when 
re-a nn ealed at 1000°C., had a much coarser structure than after 
the first anneal at 1000°C. Ruder inferred that either the large- 
grained material did not refine to the same extent as did the 
fine-grained material on passing through , the Ac z point, or that 
there is a grain inheritance by the gamma iron from the ferrite. 
From further study on the recrystallization of ingot iron and 
steel as well as from the results of previous investigators on 
electrolytic iron, Jeffries (390) reached the following conclusions 
regarding the recrystallization of iron: 

1. The ferrite grain size in pure iron is not inherited from the grain size of 
the mother austenite. 

2. The only structural feature generally inherited from the austenite of 
hypo- and hypereutectoid steels on cooling through the transformation 
ranges is the position of the excess ferrite or cementite at the austenite grain 
boundaries resulting sometimes in networks which outline the old austenite 
grain boundaries. 

3. The austenite grain boundaries themselves are nearly always effaced 
in steels and pure iron during the Ar s transformation. 

4. The grain refining of steel and iron is brought about by the combined 
effect of non-inheritance of the transformation products during either heat- 
ing or cooling. 

5. In general, in both iron and carbon steel the larger the austenite grain 
size the larger will be the grain size of the transformation products on cool- 

• ing, assuming all other conditions constant except the austenite grain size. 
An exception to this general rule is found in very pure iron such as electro- 
lytic iron where small austenite grains may form very large ferrite grains on 
cooling through Ar 3 . 

6. In iron the larger the ferrite grain size, the larger will he the austenite 
grain size on heating above the Acz transformation and vice versa. 

7. The faster the rate of cooling of iron through the Ar-transformation 
range the smaller will be the ferrite grain and vice versa. 

8. The faster the rate of heating of iron, other conditions remaining 
the same, the smaller will be the austenite grain size. 

9. The greater the temperature gradient during the transformation on 
heating or cooling the larger will be the grain size. 

10. If the grain size of a transformation product immediately after the 
transformation is smaller than the equilibrium grain size of that product 
under the existing conditions, the equilibrium grain size will be established, 
by the known laws of grain growth. 
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11. A single grain when forced by thermal treatment to undergo a trans- 
formation must transform from at least one nucleus but may and nearly 
always does transform from more than one nucleus. 

Doubt that there was any connection between the grain sizes 
of gamma and alpha iron or that the change of gamma iron 
to alpha or vice versa was in any way influenced by the pre- 
vious state was expressed by Ruder in discussion of a paper by 
Jeffries. (390) Hoyt, in discussion of the same paper, also con- 



cluded that grain inheritance would not be expected in pure 
iron or in alloys of iron and carbon containing less than 0.3 per 
cent carbon. On the other hand, Sauveur and Chou C856A) 
suggested that the martensitic structure in drastically quenched 
electrolytic iron was related to the arrangement of the crystal- 
lographic planes in gamma iron. This suggestion was sub- 
stantiated by the work of Mehl and Smith. <1064) 

The production of grain growth in basic open-hearth ingot 
iron, normalized at 950°C. (1740°F.) and annealed at tempera- 
tures between 350 and 800°C. (660 and 1470°F.) was reported 
by Benson and Thompson. (497) Their results (Fig. 104) showed 



416 


THE METAL— IRON 


that there were distinct signs of grain growth after only 1 hr. at 
350°C. (660°F.) but that the rate of growth fell off on prolonged 
heating, a stable condition being reached after 20 hr. At 800°C. 
(1470°F.) a very rapid increase in grain size occurred, the rate 
of growth falling off with prolonged heating, although still 
continuing after 40 hr. The results at 500°C. (930°F.) were 
similar to and intermediate between the 350 and the 800° curves, 
but results at 650°C. (1200°F.) were abnormal in that, up to 
5 hours’ annealing, the rate of growth was intermediate between 
the 500° and 800° rates, but from this point onward practically 
no further increase took place, the curve becoming intermediate 
between the 350° and 500° curves. 

Five different methods can be used for determining the 
temperature of the commencement of recrystallization, according 
to Tammann and Salge: C741) (1) by the sudden increase in the 
angle at which two. polished plates of metal, in contact, must be 
tilted to cause the upper plate to slide; (2) by the appearance on 
the polished surface of the metal of nodules which are visible 
under the microscope; (3) by the decrease in electric resistance; 
(4) by noting the temperature at which a stirrer will remain 
standing in a metal powder; and (5) by noting the temperature 
at which displacement of grain boundaries begins. For iron 
Tammann and Salge gave the following figures obtained by the 
above methods, presumably on different specimens of iron: 


Method 1 170°C. (340°F.) 

Method 2 220°C. (430°F.) 

Method 3 185°C. (365°F.) 

Method 4 148°C. (300°F.) 

Method 5 350°C. (660°F.) 


Microscopic observation of electrolytic iron during heating 
and cooling was made by Rogers, (S55 > 937) but no evidence of any 
marked change in crystal structure was found until the A z point 
was reached. A sample of cathode iron which had been carried 
part way through the A z transformation showed considerable 
grain growth in the portion which had been austenitic although 
that portion had been in the austenitic condition not more than 
30 sec. 

239. Summary of Data on Annealing. — Most of the effects 
of cold work in iron are removed by annealing at temperatures 
as low as 500°C. (930°F.) provided sufficient time is allowed. 
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For complete removal annealing at a temperature above 800°C. 
(1470°F.) is required. The temperature at -which recrystalliza- 
tion begins in cold-worked iron decreases with increasing amount 
of deformation. With severe deformation recrystallization has 
been noted microscopically after annealing at temperatures as 
low as 350°C. (660°F.) but annealing at temperatures above 
700°C. (1290°F.) is necessary to complete the recrystallization. 

The annealing procedure necessary to remove the hardness of 
cathode electrolytic iron is similar to that for the removal of 
the effects of cold work. Longer annealing is necessary to attain 
minimum hardness than to attain complete recrystallization. 

Annealing at temperatures above the As point is necessary, 
according to most of the evidence, to cause recrystallization in 
iron not previously subjected to plastic deformation (excepting, 
of course, cathode iron). Whether the structure resulting from 
annealing is solely a function of the rate of cooling through the 
transformation or is influenced also by the structure of gamma 
iron is a subject of controversy. The information available 
is not sufficient to permit a conclusion on the factors which 
determine the structure of the metal after high-temperature 
annealing. 


C. AGING 

If the solid solubility of any of the constituents of a metal 
increases with increasing temperature, quenching from a high 
temperature may produce a condition of supersaturation at room 
temperature. Subsequent decomposition of the supersaturated 
solid solution during storage at moderate temperatures is accom- 
panied by precipitation of the excess solute. This change affects 
the properties of the metal, the extent of the effect depending 
upon the amount and condition of agglomeration of the pre- 
cipitate. The phenomenon has been termed “age hardening,” 
“precipitation hardening,” or more generally “ aging.” Our 
knowledge of the mechanism of aging is based to a considerable 
extent on data obtained on steel. However, the authors’ review 
of the literature is confined to those investigations which reported 
data on high-purity or commercially pure iron: much material 
essential to a general treatment of the subject of aging is neces- 
sarily eliminated. 
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Although aging effects were noted in steels as early as 1873 by 
Caron (26;) and in 1893 by Langley and Metcalf, <54) the earliest 
study of aging in iron seems to be that of Martens C89) who, in 
1898, reported data showing its effect at room temperature on 
cold-worked ingot iron (Table 86). Aging in boiler plate was 


Table 86. — Influence of Aging on the Tensile Strength op Cold- 
worked Ingot Iron* 


Tensile strength 
before aging, 
lb. per sq. in. 

Time of aging 

Tensile strength 
after aging, 
lb. per sq. in. 

Increase due 
to aging, 
lb. per sq. in. 

78,070 

30 min. 

78,210 

140 

79 , 770 

1 day 

80,340 

570 

78,070 

7 days 

80,060 

1990 

77,500 

30 days 

84 , 750 

7250 

77,500 

244 days 

84,890 

7390 


* Martens. < 89 > 


studied by Stromeyer (166 ’ 167 ’ 200) who concluded that the increase 
in brittleness upon aging was due to nitrogen or phosphorus 
or both. 

240. Blue Brittleness. — The decrease in ductility of iron and 
steel in the blue-heat range 250 to 350°C. (380 to 660°F.) is 
commonly termed £ ' blue-brittleness ” and is now believed to be 
an aging effect. Most of the work on this subject prior to 1910 
was reviewed by Robin, (220) and the more important investiga- 
tions were reviewed in some detail by Fettweis. (398) From a 
study of his own data, as well as the data of previous investiga- 
tors, Fettweis concluded that blue brittleness and aging are 
related phenomena, that in either case deformation initiates a 
process which results in increased strength and hardness and 
also in increased brittleness. With deformation and storage, 
both at ordinary temperatures, the increase in brittleness attains 
its maximum only after months or years, but increasing the 
temperature of storage accelerates the aging process until, in the 
blue-heat range, the embrittling process is completed in a fraction 
of a second. If the specimen is deformed at temperatures in the 
blue-heat range, the aging process requires only the same fraction 
of a second for its completion, thus producing the phenomenon 
termed blue brittleness. If the deformation occurs at tempera- 
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tures where recrystallization begins, above the blue-heat range, 
the embrittling process of deformation is counteracted by the 
softening process of recrystallization. If the race of deformation 


Working temperature, d eg . F. 



Fig. 105. — Effect of working temperature on the properties of ingot iron. 
( Korber and Dreyer .< 440 >) 

is slow as in the tensile test, there is sufficient time for the 
embrittlement to reach its maximum at a lower temperature than 
in the case where the rate of deformation is rapid, as in the 
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notched-bar impact test. In the latter case a higher temperature 
is necessary to accelerate the embrittling process to a correspond- 
ingly rapid rate. The subject was further investigated by 
Korber and Dreyer C440) using ingot iron and steel. One set of 
specimens was deformed by stretching approximately 9 per cent 
at temperatures between 20 and 400°C. (68 and 750°F.); a 
second set was deformed about 9 per cent at room temperature 
and aged at temperatures between 100 and 400°C. (210 and 
750°F.) ; and a third set was stressed at room temperature and 
aged at room temperature for various lengths of time. Data for 
the mechanical properties of the specimens of ingot iron used 
by Korber and Dreyer are reproduced in Fig. 105 and Table 87. 
Stressing ingot iron at 250 or 300°C. (480 or 570°F.) produced 
maximum values for yield strength and tensile strength and 
minimum values for elongation and reduction in area. For ingot 


Table 87. — Effect of Aging on Cold-wobkeb Ingot Ibon* 


Stretching 
(at 20°C.), 
per cent 

| Tempera- 
ture of 
aging 

Time 

of 

aging 

Yield 

' strength,! 
lb. per 
sq. in. 

Tensile 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 
3.94 in., 
per 
cent 

Reduc- 
tion in 
area, 

per 

cent 

°C. 

°F. 

8.7 

20 

70 

1 hr. 

46,500 

50,100 

25.3 

76.5 

8.3 

20 

. 70 

45 days 

50,600 

52,500 

23.7 

76.6 

8.3 

100 

210 

1 hr. 

50,600 

52,600 

21.8 

75.6 

9.2 

200 

390 

1 hr. 

51,000 

53,900 

20.2 

76.4 


* Korber and Dreyer. < 410 > 

t For a permanent elongation of 0.025 per cent. 


iron strained at room temperature, aging for 1 hr. at 200°C. 
(390°F.) produced greater strength than did 1 hour’s aging at 
100°C. (210°F.). The properties produced in strained ingot iron 
as a result of aging for 1 hr. at 100°C. could be obtained by aging 
at room temperature but 45 days were required. From a 
consideration of all their data, on specimens of steel as well as 
of ingot iron, Korber and Dreyer concluded that specimens 
strained at room temperature and then aged at elevated tempera- 
tures never attained the brittleness of specimens strained at the 
corresponding elevated temperatures. 

Blue brittleness reaches its maximum in electrolytic iron in 
the vicinity of 250°C. (480°F.), according to Sauveur and 
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Lee. C632) With carbon contents between 0.10 and 0.50 per cent 
the maximum strength of steel was reached in the vicinity of 
325°C. (615°F.). The presence of ferrite was necessary to obtain 
appreciable blue-heat phenomena. The strength and hardness 
of normalized iron and steel were increased by stressing above 
the elastic limit, the increase becoming greater as the temperature 
of stressing was raised and being maximum after stressing in the 
blue-heat range. Steels became softer when worked at tempera- 
tures above 580 to 680°C. (1075 to 1255°F.), but electrolytic iron 
hardened upon stress at any temperature below the critical. 
Sauveur C904) found that the blue-heat phenomena in basic open- 



Eig. 106. — Effect of time of aging on impact values of compressed bars of ingot 

iron, (j Bauer. W I '>) 


hearth ingot iron, as revealed by torsion tests, increased to a 
maximum at 300°C. (570°F.), further increase in temperature 
resulting in a marked decrease in strength and stiffness. 

241. Effect of Time and Temperature of Aging on the Prop- 
erties of Iron. — The brittleness of specimens of ingot iron, 
reduced in thickness by compression and aged at room tempera- 
ture, increased more rapidly during the early stages of aging 
than during the later stages, according to the data of Bauer^^P 
shown in Fig. 106. That aging at room temperature for 360 days 
was not sufficient to complete the process was indicated by the 
increase in brittleness of an aged specimen as a result of tempering 
at 250°C. (480°F.) for 2 hr. The brittleness of the specimens 
was measured by the notched-bar impact test. 
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Table 88. — Effect of Prior Deformation and Temperature of Aging 
on the Yield Strength of Electrolytic Iron* 


Aged 30 
min. at 

Yield strength f after' 
aging, lb. per sq. in., for 
prior deformation of 

Maximum stress, lb. per 
sq. in., used to produce 
deformation before aging of 

°C. 

°F. 

1% 

5% 

20% 

1% 

5% 

20% 

50 

120 

17,100 

27,000 


13,400 

23,500 


100 

210 

19,600 

29,700 

37,400 

13 , 200 

23,500 

31,900 

300 

570 

15,600 

27,400 

37,700 

13,100 

23,500 

33,300 

500 

930 

13,500 

19,900 

26,600 

12,800 

23,000 

32,000 


*Ludwik and Scheu.< 820) 

t Reported as Streckgrenze: from stress-strain diagram. 



Fig. 107. — Effect of aging, at room temperature, on the hardness of quenched 
iron-carbon alloys. ( Masing and Koch.&M)) 
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As a result of work with Heraeus electrolytic iron Ludwik and 
Scheu (620) found that aging for 3 months at 20°C. (68°F.) or for 
1 hr* at 100°C. (210°F.) increased the tensile strength and 
restored the break in the stress-strain curve of specimens previ- 
ously quenched from 500°C. (930°F.). Ludwik and Scheu also 
aged, at 20°C. and for various lengths of time, electrolytic iron 
which had previously been stretched 1 per cent. The yield 
strength increased progressively with increased duration of aging 
from 15,000 lb. per sq. in. for a specimen aged for 30 min. to 
18,000 lb. per sq. in. after 3 months’ aging. Aging electrolytic 
iron for 30 min. at 50, 100, 300, and 500°C. (120, 210, 570, and 
930°F.) after prior elongations of 1, 5, and 20 per cent, as shown 
in Table 88, increased the yield strength to higher values than the 
maximum stress in the preliminary plastic deformations in all 
cases except that of iron aged at 500°C. (930°F.) after 5 or 20 per 
cent prior deformation. The changes in yield strength of 
electrolytic iron and ingot iron during aging and at “blue heat” 
were ascribed by Ludwik (675) to changes in the solubility of minor 
constituents in the metal just as in the case of aluminum alloys. 

Aging effects as measured by Brinell hardness in a series of 
iron-carbon alloys prepared from electrolytic iron were studied by 
Masing and Koch. (730) After quenching from 700°C. (1290°F.), 
specimens with over 0.043 per cent carbon showed considerable 
increase in hardness upon aging, but specimens with lower carbon 
contents showed only a slight increase. Their data are shown 
in Table 89 and Fig. 107. 

242. Role of Nitrogen and of Oxygen in Aging. — The role 
of nitrogen in the aging or dispersion hardening of iron was 
investigated by Dean, Day, and Gregg. (818) Three kinds of iron 
were used: (1) vacuum-melted electrolytic iron, (2) electrolytic 
iron melted in air, and .(3) basic open-hearth ingot iron. These 
materials were annealed at 980° C. (179 5°F.) in vacuum, reduced 
30 per cent in thickness by cold rolling, and then reheated to 
temperatures from 100 to 500°C. (210 to 930°F.). The vacuum- 
melted electrolytic iron showed no increase in hardness after 
aging, the air-melted iron increased markedly in hardness after 
aging at 250°C. (480°F.), while the basic open-hearth ingot iron 
was intermediate. Treatment with ammonia gave the vacuum- 
melted electrolytic iron age-hardening properties similar to those 
of the air-melted iron. Nitriding the ingot iron increased the 
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Table 89. — Brinell Hardness of Aged Iron-carbon Alloys, Previously 
Annealed 1 Hr. at 700 °C. and Quenched* 


Composition, per cent 

Brinell hardness 

Immediately 

after 

quenching 

Aged 

C 

Si 

p 

1 day 

3 days 

8 days 


Aged at room temperature 


1 

0 019 



85 

88 

84.5 

88 

5f 

0.033 

0.0065 

0.031 

79 

78.5 

82 

78 

o 

0 043 



89 

85 

91 

87 

7 

0.087 



127 

140 

174 

197 

8 

0.166 



136 

152 

199 

202 

9 + 

0.063 

0.0087 

0.023 

123 

139 

174 

182 


Aged at 50°C. (120°F.) 


1 

0 019 



85 

85 

85 

92 

5t 

0.033 

0.0065 

0.031 

79 

80 

82 

80 

6 

0 043 



89 

96 

103 

101 

7 

0.087 



127 

168 

175 

170 

8 

0.166 



136 

201 

197 

194 

9t 

0.063 

0.0087 

0.023 

123 

194 

210 

207 


* Masing and KochJ 7a0 > 
t Sulphur less than 0.001 per cent. 


brittleness in the 200 to 300°C. (390 to 570°F.) range, while 
annealing the ingot iron for 12 hr. at 1100°C. (2010°F.) in 
hydrogen eliminated the temper brittleness. The tensile 
strength of the nitrided ingot iron containing 0.086 per cent 
nitrogen, after quenching from 500°C. (930°F.), was about 
64,000 lb. per sq. in. After aging for 50 hr. at room temperature 
this was increased to about 88,000 lb. per sq. in., accompanied 
by a decrease in elongation and reduction in area. It was 
concluded that commercial irons owe their property of hardening, 
by reheating after cold work, as well as their increase in tensile 
strength in the range 100 to 300°C. (210 to 570°F.), to the solution 
of small amounts of iron nitride and that the iron-nitrogen 
system is a dispersion hardening system in which a marked 
degree of hardening can occur at room temperature, , 
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The effect of oxygen and nitrogen upon the aging of iron was 
investigated by Eilender and Wasmuht C82 ^ using ingots prepared 
from basic open-hearth ingot iron. Their conclusion, based on 
the results shown in Table 90 and in Fig. 108, was that the oxygen 
content of iron, except at a critical value of about 0.06 per cent, 
had no material influence upon precipitation hardening after 



0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 O.il 
Oxygen or nitrogen content, per cent 

Fig. 108. — Variations of hardness with oxygen or nitrogen content in quenched 
and aged iron. ( Eilender and Wasmuht .< 821 >) 

quenching from 680°C. (1255°F.). They stated that, if the 
oxygen present was combined with silicon or aluminum, it had 
no effect upon precipitation hardening; only oxygen present as 
ferrous oxide or manganous oxide was effective in that respect. 
According to the recent results of Burns/ 10485 carbon and nitrogen 
are effective in developing precipitation hardening of iron, but 
oxygen does not play a significant part in the process. 

In Eilender and Wasmuht's experiments, the specimens with 
varying nitrogen contents also were quenched from 680°C. 
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Table 90. — Effect of Oxygen on the Change in Hardness of Iron 
after Quenching and Aging* 


Sample 

Composition, 
per cent 

Brinell hardness 

Normal- 

ized 

Quenched 

from 

680°C. 

(1255°F.) 

Aged 14 
days at 
room 
temper- 
ature 

In- 

crease, 

actual 

In- 

crease, 

per 

cent 

0 

N 

0 

1 

0.011 

0.005 

0.019 

88.4 

91.0 

94 

3.0 

3.3 

2 

0.011 

0.006 

0.021 

82.4 

92.4 

104 

11.6 

12.5 

3 

0.010 

0.004 

0.031 

89.5 

85.1 

91.7 

6.6 

7.8 

4 

0.009 

0.005 

0.033 

81.7 

79.7 

88.8 

9.1 

11.4 

5 

0.012 

0.010 

0.036 

100.1 

108.7 

123.3 

14.6 

13.4 

6 

0.014 

0.003 

0.058 

81.7 

101.0 

158.0 

57.0 

56.5 

7 

0.017 

0.005 

0.071 

83.1 

101.9 

1 136 

34.1 

33.5 

8 

0.013 

0.010 

0.085 

87.2 

94.1 

112 

17.9 

19.0 

9 

0.014 

0.007 

0.088 

81 

101.9 

124 

22.1 

21.7 

10 

0.012 

0.001 

0.090 

97.1 

94.7 

112 

17.3 

18.3 

11 

0.012 

0.006 

0.096 ! 

88.7 

91.7 

108 

16.3 

17.8 

12 

O.OllI 

0.009 

0.108 

79.1 

87.3 

106 

18.7 

21.4 


* Eilender and Wasxnuht.(82i) 


Table 91. — Effect of Nitrogen on the Change in Hardness of Iron 
after Quenching and Aging* 


Sample 

Composition, 
per cent 

Brinell hardness 

Normal- 

ized 

Quenched 

from 

680°C. 

(1255°F.) 

Aged at 
room 
temper- 
ature f 

■ 

In- 

crease, 

actual 

In- 

crease, 

per 

cent 

C 

N 

O 

a 

0.010 

0.004 

0.031 

89.5 

85.1 

91.7 

6.6 

7.8 

b 

0.011 

0.006 

0.021 

82.4 

92.4 

104.0 

11.6 

12.5 

c 

0.012 

0.010 

0.031 

100.1 

108.7 

123.3 

14.6 

13.4 

d 

0.010 

0.027 

0.074 

93.2 

110.8 

162.0 

51.2 

46.3 

e 

0.015 

0.032 

0.046 

104.7 

118.2 

180.0 

61.8 

52.2 

f 

0.013 

0.040 

0.046 

102.8 

120.4 

204.0 

83.6 

69.4 


*EUender and Wasmuht.Csm 

t Duration of aging not stated; presumably it was 14 days. See Table 90. 
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(1255°F.) and aged at room temperature. The duration of the 
aging treatment was not stated but presumably was the same 
as for the series of specimens which contained oxygen. The 



Fig. 109 . — Effect of time and temperature of aging on the hardness of oxygen- 
containing and nitrogen-containing irons. (Eilender and Wasrriuht .c 821 >) 

slight precipitation hardening which occurred with nitrogen 
contents of 0.01 per cent or less, as shown in Table 91 and Fig. 108, 
was ascribed to the carbon. With nitrogen contents of 0.027 per 
cent or more there was a rapid increase in hardness which reached 
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a maximum after a few days of aging. The data on the effect 
of nitrogen are open to the criticism that the specimens which 
showed the effect of aging were high in nitrogen but also were 
high in oxygen; the amounts of oxygen present in these age- 
hardening alloys approached the “critical amount” (0.06 per 
cent) which produced age hardening in the specimens which 
contained oxygen alone. The variations in age hardening in 
the nitrogen specimens may be due, in part at least, to differences 
in oxygen content. Investigation of the effect of aging tempera- 
ture, as shown in Fig. 109, indicated that aging at room tempera- 
ture produced maximum hardness but only after a relatively 
long time. With increasing aging temperature the maximum 
hardness attained was lower but the time necessary to reach 
this maximum was much shorter. 

243. Conditions Necessary for Aging- — Eilender and Was- 
muht C821) stated that the conditions under which precipitation 
hardening may take place are as follows: 

1. The solubility of the substance contained in solid solution in the base 
metal must decrease with decreasing temperature. 

2. The amount of the substance absorbed in solid solution at higher 
temperatures must be retained in solution after quenching, that is, the 
alloy must be capable of undercooling. 

3. On aging at room temperature or slightly above an amount of the 
substance corresponding to equilibrium conditions must be slowly precipi- 
tated out of solution in highly dispersed form. 

244. Aging of Nitrided Electrolytic Iron. — K6ster C837) studied 
the effect of quenching and tempering on the mechanical prop- 
erties of nitrided electrolytic iron and steel. His specimens of 
electrolytic iron were nitrided for 6 hr. in ammonia at 550°C. 
(1020°F.) to produce a case 0.5 mm. thick with an average 
nitrogen content of 0.12 per cent. The nitrided specimens were 
cooled at different rates from the nitriding temperature, and the 
effect of this treatment and of subsequent tempering or aging, 
on the mechanical properties, was determined. The results 
obtained for electrolytic iron are shown in Table 92. Specimens 
quenched from 550°C. (1020°F.) showed considerably increased 
strength but had completely lost their ductility and broke with- 
out necking down. Tempering the quenched material at 250°C. 
(480°F.), for 1 hr., restored the ductility. Specimens slowly 
cooled from 550 °C. were only slightly stronger and were approxi- 
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Table 92. — Mechanical Properties of Nitrided Electrolytic Iron 
after Quenching and Tempering* 


Treatment 

Yield 
strength, f 
lb. per 
sq. in. 

Tensile 
strength, 
lb. per 
sq. in. 

Elongation, 
l = 

11.3-v/A, 

per cent 

Reduction 
in area, 
per cent 

Not nitrided 

Nitrided at 550°C.(1020°F.) 

22,000 

38,000 

48 

87 

and cooled slowly 

23 , 000 

40 , 500 

,35 

81 

Quenched from 550°C. after 

nitriding 

Quenched from 550°C., then 

28,500 

45,000 



tempered at 250°C. 
(480 °F.) 

24,500 

45,500 

30 

80 


* Koster.<83 7 > 

t Reported as Streckgrenze. 

mately equal in ductility, as compared to the original material. 
The Brinell hardness of the original electrolytic iron was about 
100; that of the nitrided and quenched material was about 190; 
aging at room temperature for 28 days increased the Brinell 
hardness of this material to about 240. Koster interpreted these 
results as showing that nitrogen, in these amounts, exists in solid 
solution in alpha iron at 550°C. (1020°F.) and exists in a super- 
saturated solid solution if the material is quenched from 550°C. 
The quenched material is susceptible to aging at room tempera- 
ture and hardens in a manner similar to that of duralumin. If 
the nitrogen is precipitated from the supersaturated solution by 
means of tempering treatments, the working properties may be 
restored. The only tempering treatment applied to electrolytic 
iron to restore the working properties was at 250°C. (480°F.), 
but in additional work with steel specimens it was found that 
tempering for 1 hr. at 150°C. (300°F.) was sufficient to effect the 
precipitation of nitrogen and to restore the working properties. 
The conclusions were substantiated by microscopic observations. 

245. Miscellaneous Data on Aging. — In another investiga- 
tion^ 385 Koster found that electrolytic iron containing 0.01 per 
cent carbon showed no age hardening, basic open-hearth iron 
only slight age hardening, and Swedish iron rather strong age 
hardening, as indicated by the increase in coercive force. 
Bates/ 9175 however, in a reply to discussion of his paper reported 
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that electrolytic iron containing 0.02 per cent carbon showed 
marked age hardening after a quench from 700°C. (1290°F.). 
Basic open-hearth ingot iron showed only a slight age hardening 
after quenching from 700°C. but considerable after quenching 
from 900°C. (1650°F.). 

As a method of studying the age hardening of iron and steel, 
Sauveur and Burns (1026) proposed the use of the Brinell impression 
as a means of cold working, the hardness of the metal at the 
bottom of the depression being measured by the Rockwell test. 
Results obtained by this method on annealed basic open-hearth 


ingot iron were: 

Rockwell B hardness, not aged 76.8 

Rockwell B hardness, aged 1 hr. at 100°C. (210°F.) 86.5 

Increase, per cent 12.6 

Rockwell B hardness, not aged 80.9 

Rockwell B hardness, aged 30 days at room temperature 88.0 

Increase, per cent 8.8 


Ehn (923) discussed the age hardening of iron and steel and the 
roles of carbon, nitrogen, copper, tungsten, and beryllium in 
that phenomenon as follows: When iron or steel is cooled slowly 
from 650 to 750°C. (1200 to 1380°F.), carbon present in excess of 
0.01 per cent precipitates and the resulting carbide migrates 
to the grain boundaries. If the steel is quenched from 650 to 
750° C. the carbon remains temporarily in unstable solid solution 
and gradually precipitates in highly dispersed particles within 
the matrix of the alpha-iron crystals. These particles of cement- 
ite form keys which prevent movement along the slip planes, 
thus hardening the metal. Tempering at 50 to 100°C. (120 to 
210°F.) speeds up the precipitation and, therefore, the age 
hardening but with higher tempering temperatures there is a 
tendency for the precipitated particles to agglomerate with less 
hardening effect. 

According to Ehn, nitrogen is soluble in alpha iron at room 
temperature to the extent of about 0.01 per cent, but its solu- 
bility increases much more rapidly with increasing temperature, 
about 0.5 per cent being soluble in alpha iron at 580°C. (1075°F.). 
After iron or steel containing nitrogen is quenched, the nitrogen 



HEAT TREATMENT AND AGING 


431 


in solution precipitates in time as thin plates of nitrides. These 
plates are much more difficult to coalesce than are the cementite 
particles, hence precipitation hardening by nitrogen can be 
effected at much higher tempering temperatures than is the case 
when carbon is the active agent. 

As a copper content considerably above 0.4 per cent is neces- 
sary to cause precipitation hardening, this element is not a factor 
in the aging of high-purity iron or commercially pure iron. The 
same is true of tungsten and beryllium as precipitation hardening 
agents. 

An excellent discussion of the data and theories of age harden- 
ing, precipitation hardening, and blue brittleness in iron and steel 
was presented by Mehl. (897) 

246. Summary of Data on Aging of Iron. — The phenomenon 
of aging in metals results from the formation, as a result of rapid 
cooling from elevated temperatures, and the subsequent decom- 
position at moderate temperatures, of supersaturated solutions 
in which certain impurities or minor constituents are present in 
amounts in excess of the solid solubility at room temperature. 
Aging may occur in iron if carbon or nitrogen is present in 
excess of their respective limits of solid solubility at room temper- 
ature; oxygen probably does not play a significant part. The 
hardness resulting from aging of iron can be removed by annealing 
at temperatures above 200°C. (390°F.), presumably through 
agglomeration of the precipitated phase. Aging has not been 
encountered in vacuum-melted electrolytic iron. 

D. AUTHORS’ SUMMARY 

The hardening of steel or of irons of commercial purity, due to 
quenching as ordinarily practiced in heat treatment, results 
from the presence of another element, usually carbon. Conse- 
quently, high-purity iron would not be expected to exhibit 
quench hardening, although there is some evidence that it may 
be hardened by unusually severe quenching, i.e. } by cooling at 
an extremely rapid rate from a very high temperature. 

Annealing can be employed to remove strains and to increase 
the grain size of -iron. The degree of removal of these effects* 
depends upon both the time and temperature of the annealing 
treatment. Most of the effects of cold work can be removed by 
an extended anneal at 500°C. (930°F.), but complete elimination 
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is obtained only by annealing at a temperature above 800°C. 
(1470°F.). The tendency of cold-worked iron to recrystallize 
increases with increasing amounts of deformation. After severe 
deformation the beginning of recrystallization has been observed 
at temperatures as low as 350°C. (660°F.), but annealing at 
700°C. (1290°F.) or higher is necessary to complete the recrystalli- 
zation. In iron which has not been previously strained, anneal- 
ing at temperatures above the A s point is necessary to cause 
recrystallization. 

Age hardening, like quench hardening, results from the presence 
of impurities or minor constituents in a metal. Consequently 
it would not be expected to occur in high-purity irons and it 
has not been encountered in vacuum-melted electrolytic iron. 
Aging may result from the presence of carbon or nitrogen in 
iron; the ensuing hardness can be removed by annealing at 
temperatures above 200°C. (390°F.). 



CHAPTER XII 


EFFECT OF MINOR CONSTITUENTS 

Aluminum to Copper — Gold to Nickel — Nitrogen and Oxygen — 

Phosphorus to Zinc — Miscellaneous Constituents — Authors 1 Summary 

Any discussion of the effect produced by the presence of foreign 
substances in iron should be based upon the knowledge of the 
physical condition in which the substance exists in the metal. 
Smithells (907) ably discussed the advisability of using the designa- 
tion “ minor constituents” rather than “impurities” in referring 
to such foreign substances in a metal. An arbitrary numerical 
limit cannot be established which will be equally applicable to 
all minor constituents, but for each particular substance the 
iron-rich alloys of that particular series should be considered. 
Although this may extend the discussion somewhat beyond the 
limit of “impurities,” this is often necessary in order to establish 
the trend of the resulting effects. This chapter becomes, then, 
essentially a metallographic discussion of the iron-rich alloys 
of the various binary iron-alloy systems. 

Because of the preponderant influence of the transformations 
of iron upon its properties, special attention has been given to 
this. Also, since change in mechanical properties by aging, either 
incidental or intentional, is dependent upon the limit of solid 
solubility of some foreign substance in the parent metal together 
with the change in this limit with change in temperature, these 
factors are important. Likewise, if the foreign substance exists 
in solid solution, the manner in which it is built into the crystal 
lattice of the parent metal is of importance. Information of 
this kind is often meager and fragmentary. 

In the ensuing discussion the various minor constituents are 
considered in alphabetical order. 

A. ALUMINUM TO COPPER 

247. Al uminum . — Aluminum enters readily into solid solution 
in iron. According to the recent work of Osawa / 1021 the limit of 
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solubility is 32 per cent, which does not differ greatly from the 
value of approximately 33 per cent reported years ago by 
Gwyer. (178) The solubility limit remains unchanged with rising 
temperature up to approximately 900°C. It has been shown 
by Wever and Muller (870) as well as by Osawa (102i;) that the pres- 
ence of a small amount of aluminum in iron raised the temperature 
of the A z transformation and lowered the result being a 
“loop” in the equilibrium diagram, inclosing the gamma-iron 
field. The maximum width of the loop corresponded to about 
1 per cent aluminum according to Wever, whereas Iwase (cited 
by Wever) placed it at 1.2 per cent. The effect of aluminum 
on the A 2 transformation has been shown by Osawa ci021) to consist 
in lowering the transformation so that with an aluminum content 
of 15 per cent it occurs below room temperature. 

The introduction of aluminum into alpha iron results in an 
increase in the parameter of the body-centered cubic lattice, 
the change with progressively increasing amounts of aluminum 
being practically a linear one. The value given by Osawa for 
the solid solution containing 10 per cent aluminum, a = 2.877 A., 
was somewhat less than the value 2.890 ± 0.005 A. which was 
reported by Wever (870) for the alloy containing 11.6 per cent 
aluminum. The density calculated on the basis of the latter 
value agreed closely with the observed density, according to 
Wever. It was found to decrease linearly with the increase of 
aluminum content from 7.88 g. per cu. cm., the value given for 
pure iron, to 6.78 g. per cu. cm. for iron containing 11.6 per cent 
aluminum. The values obtained by Bradley and Jay (962) agreed 
with those of Wever. According to these investigators, the 
linear relationship in the increase in lattice parameter with 
increasing aluminum content does not extend beyond the solid 
solution containing approximately 10 per cent aluminum. 
Aluminum may also exist in iron as the oxide, and advantage 
is taken of this fact in the preparation of certain iron catalysts. C977) 
The activation of some catalysts prepared by the reduction of 
pure iron oxide is greatly influenced by the presence of aluminum. 
Apparently this is an effect depending on grain size, the aluminum 
oxide disseminated through the iron being an excellent obstruc- 
tant to grain growth. 

248. Antimony. — Antimony forms a eutectiferous series with 
iron. (181) At approximately 1000°C., iron can hold 5 per cent 
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antimony in solid solution. Aside from this, information on 
iron containing small amounts of antimony is lacking. 

249. Arsenic. — Arsenic, in small amounts in iron, exists as a 
solid solution. Aside from the fact that at the eutectic tempera- 
ture, 827°C., arsenic is soluble in iron to the extent of approxi- 
mately 6.8 per cent, (156>527) the limits of solid solubility have not 
been determined. Likewise, little is known concerning the 
effect of arsenic on the transformations in iron. According to 
Oberhoffer and Gallaschik, (527) the solid solution exists as delta 
iron above 1440°C. The presence of arsenic appears to produce 
a marked hysteresis in the A 2 transformation. The temperature 
of this transformation in iron containing 0.5 per cent arsenic, as 
determined by a heating curve, appears to be unchanged. On a 
cooling curve, however, the transformation temperature appears 
to be lowered by approximately 80°C. 

250. Beryllium. — According to Oesterheld, (353) beryllium is 
soluble in iron to the extent of 6.4 per cent at 1160°C. and 4.9 per 
cent at 650°C. The limit of solid solubility at room temperature 
has not been accurately determined. However, the results 
obtained by Kroll (840) on the age hardening of iron containing 
beryllium show that this limit 116s between 1.2 and 3 per cent. 
Iron containing the smaller amount of beryllium showed only 
slight increase in hardness upon reheating after quenching, 
whereas in iron containing 3 per cent beryllium an increase of 
more than 50 per cent in the Brinell hardness resulted from the 
same treatment. The results of Seljesater and Rogers C9S2) 
served to place the solid-solubility limit somewhat more accu- 
rately. These investigators observed a marked increase in 
hardness in iron containing 2.8 per cent beryllium and a slight 
increase with 1.4 per cent. Wever and Muller CS70) established 
the fact that the solubility of beryllium in gamma iron is very 
limited and that its presence results in a closed gamma field. 
The temperature of the A 4 transformation was found to be 
lowered by beryllium and that of A 3 to be raised; the maximum 
extent of the closed gamma field thus formed corresponded 
to 0.5 per cent beryllium at approximately 1050°C. All solid 
solutions of beryllium in iron other than those corresponding 
to the closed gamma field between the temperatures of the A 3 
and A 4 transformations have a body-centered lattice, in other 
words, there is no distinction other than that of temperature 
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between the delta or high-temperature stable form and the 
alpha or low-temperature form of iron-beryllium solid solution. 

Wever and Muller have shown, by the comparison of observed 
and computed densities, that the solid solution of beryllium in 
iron is of the atom-substitution type and a slight decrease in the 
parameter of the body-centered cubic lattice results from the addi- 
tion of beryllium to iron. A value of 2.83s X 10“ s ± 0.003 cm. 
was found for the lattice parameter of the solid solution contain- 
ing 1.23 per cent beryllium. 

The A 2 transformation in iron was found by Wever and Muller 
to be lowered slightly by the addition of beryllium. A tempera- 
_ ture of 700°C. was found for the solid solution containing 1 per 
cent beryllium, the lowering of the temperature with respect 
to the beryllium content being a linear relationship. 

251. Boron. — The solubility of boron in iron is very limited 
at all temperatures. According to Wever and Muller, (870) who 
have studied this system extensively, the maximum solubility 
of boron in each of the forms of iron, alpha, gamma, and delta, 
is 0.15 per cent. These investigators concluded, partly on 
theoretical reasoning, that the temperature of the A 4 transforma- 
tion was lowered by boron to 1381°C. and that of A 3 was raised 
to 915°C. Although boron was classed by them with the other 
elements which produce a closed gamma field, the case is not 
strictly analogous since the alpha and delta fields are not con- 
tinuous. The solubility in gamma iron was stated by them to 
range from 0.10 per cent at 1380°C. to 0.15 per cent (the maxi- 
mum) at 1174°C., the eutectic temperature. At all temperatures 
below this, iron containing more than 0.15 per cent boron showed 
in its microstructure a second phase, the compound Fe 2 B. The 
temperature of A 2 was not affected by the presence of boron, 
and its solubility in alpha iron below this transformation has 
not been determined. However, it is apparently extremely small. 

252. Cadmium. — Cadmium is not a common impurity in 
iron and very little is known concerning its influence. It forms 
alloys with iron as is indicated by the well-known fact that it 
can be used for coating iron by the hot-dipping process. (793) 
The negative results of the early work of Isaac and Tammann (158) 
in attempting to alloy the two metals are undoubtedly responsible 
for the classification of cadmium as a metal which is insoluble 
in iron. C810) 
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253. Carbon. — Of the three transformations in iron the 
temperature of only one, the A s or alpha-gamma change, is 
affected in a significant manner by the presence of small amounts 
of carbon. As is well known, the temperature of this transforma- 
tion is continuously lowered by progressively increasing amounts 
of carbon up to the eutectoid composition. This point and the 
effect of carbon on the properties of iron are discussed in detail 
in another monograph of this series,* “The Alloys of Iron and 
Carbon.” 

The difference in the solubility of carbon in the alpha or body- 
centered-lattice form of iron and the gamma or face-centered- 
lattice form is very great and this fact, of course, is fundamental 
in the heat treatment of steels. The limit of solubility of carbon 
in alpha iron, or ferrite, is still in doubt. The situation has not 
changed since 1929 when the subject was critically reviewed by 
Gillett. (829) The value 0.035 per cent, based on the data given 
by Scott, C489) for the maximum solubility at the temperature of 
the ii or eutectoid transformation seems the most probable 
one, although there is evidence to indicate that the presence 
simultaneously of other impurities in the iron may affect this 
value to some extent. According to Grossmann (8S2) dissolved 
oxygen, apart from the precipitated oxide particles, favors an 
increase in the solubility of carbon in alpha iron. The limit of 
solubility of carbon at room temperature is, as yet, not fully 
determined. That it is less than the value given above is evident 
from the results obtained by Whiteley (751) and by Masing and 
Koch, C730) who showed that low-carbon iron will respond to a 
precipitation-hardening treatment, that^is, quenching followed 
by reheating below the alpha-gamma transformation. An 
approximate value of 0.01 per cent, based upon the work of 
Yensen, C87i;) is accepted by many. The solid solution of carbon 
in iron is generally believed to be of the interstitial type rather 
than the substitutional, which is true for the solutions of most 
other elements in iron. 

Esser and Muller (997) measured the lattice parameter of iron- 
carbon alloys at temperatures up to 1100°C. Representative 
results are summarized in Table 93. In addition to the progres- 


‘ To be published soon. 
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Table 93. — Lattice Paeameter of Iron-carbon Alloys at Different 

Temperature s * 


Carbon, 
per cent 

Parameter 
(800°C.)> A. 

Parameter 

(1100°C.), A. 

Increase 

A. 

Per cent 

0.1 

3.6427 

3 . 6606 

0.0179 

0.49 

0.33 

3.6446 

3.6651 

0.0205 

0.56 

0.57 

3.6494 

3 . 6742 

0.0248 

0.68 

0.82 

3.6589 

3 . 6886 

0.0297 

0.81 

1.16 

3.6648 

3 . 6973 

0.0325 

0.88 

1.52 

3.6634 

3.7011 

0.0377 

1.02 


* Esser and Miiller.< 397 > 


sive increase with increasing carbon content, the results show 
that the increase in the parameter with temperature, from 800 
to 1100 °C., is dependent upon the carbon content, the percentage 
increase for the high-carbon steel being essentially twice that 
of the steel of very low carbon content. 

254. Cerium. — Such knowledge as is available on the effect 
of cerium on iron (385) indicates a solid solubility in gamma iron 
to the extent of 15 per cent at 1090°C. and 10 per cent at 900°C. 
Twelve per cent has been given as the limit of solubility in alpha 
iron, and information on the change of solubility with tempera- 
ture is lacking. The temperature of the A% transformation 
appears to increase slightly with increasing cerium content. 
It occurs at 800° C. in the alloy containing 10 per cent. 

255. Chromium.* — The generally accepted statement ^ 06 * 8045 
that iron and chromium form a continuous series of solid solutions 
should be slightly modified in view of the discovery by Bain C649) 
that the solubility of chromium in gamma iron is limited. By 
means of microstructural studies and X-ray examination, Bain 
showed that approximately only 14 per cent is soluble in gamma 
iron. The same discovery was made independently by Oberhof- 
fer and Esser C734) by means of thermal analysis and X-ray 
examination. They concluded that the temperature of the 
A 4 transformation was lowered about 26°C. for the addition of 

* For a complete discussion of the effect of chromium in iron the reader 
is referred to another monograph in this series, “The Alloys of Iron and 
Chromium/' now in preparation. 



EFFECT OF MINOR CONSTITUENTS 


439 


each per cent of chromium. The temperature of the A z trans- 
formation was stated to be lowered to approximately 820°C. by 
the addition of 8 per cent chromium, but with further additions 
it was raised to 900°C. Kinzel (788) confirmed the general find- 
ings of the other investigators and set the limit of solubility 
of chromium in gamma iron as 12.2 per cent. His dilatation 
measurements showed the marked drop in the temperature of 
the A 4 transformation with increasing chromium content but 
showed no appreciable change in the temperature of the A3 
transf ormation . 

The A 2 transformation is not greatly changed by the presence 
in iron of small amounts of chromium. According to Oberhoffer 
and Esser, C734) a small addition of chromium results in a slight 
rise of the temperature of the A 2 transformation, but with 
further addition the temperature is lowered so that in an alloy 
containing approximately 7 per cent the A 2 temperature is about 
the same as for iron containing no chromium. 

256. Cobalt. — Cobalt enters into solid solution in iron in 
all proportions. There appears to be no uncertainty concerning 
the constitution of the alloys of low cobalt content. In these 
alloys the temperature of each of the transformations in iron is 
raised continuously by progressively increasing amounts of 
cobalt. C292i676) The A 4 transformation is raised to 1490°C. 
by 15 per cent cobalt, the maximum amount soluble in delta iron. 
Both the A 3 and A 2 transformations occur at approximately 
the same temperature, 920°C., in the same alloy. The solid 
solution of cobalt in iron is of the atom-substitution type and, 
with an increasing cobalt content up to 80 per cent, (424) the 
body-centered lattice is maintained as the only phase. , The 
results obtained by Honda (402) and by Schulze (740) on the changes 
in the physical properties of these alloys with increasing cobalt 
content are in good agreement with the observed crystal structure 
only for the solid solutions of low cobalt content. 

257. Copper. — Available data on the alloys of iron and copper 
have been reviewed in another monograph of this series, C1055) 
and in a r6sum<§ on the constitution of iron-copper alloys by 
Gregg and Daniloff. cl001) The effect of copper in small amounts 
on iron is very similar to the corresponding effect of carbon. 
Iron dissolves copper to a limited extent, the limit of solid solu- 
bility depending upon the temperature. 
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The limit of solid solution of copper in iron at room tempera- 
ture has not been definitely determined; however, it appears to 
be only slightly less than at 600°C. where it is 0.4 per cent. 
With increasing temperature, from 600 to 810°C., it increases 
from 0.4 to 3.4 per cent. The temperature 810°C. is the eutectoid 
horizontal corresponding to the pearlite line in the iron-carbon 
diagram. It follows, therefore, that the A 3 -transf ormation tem- 
perature is affected by the presence of copper, being lowered to 
810°C. by 3.4 per cent copper.* The A 2 transformation is only 
slightly affected by the presence of copper, 759°C. being reported 
by Ruer and his coworkers. The limit of solubility of copper in 
gamma iron is greater than that for alpha iron, being nearly 
10 per cent in the neighborhood of 1400°C. The gamma- 
delta transformation is of the nature of a peritectoid reaction 
occurring at 1477° C. 

At all temperatures below the eutectoid horizontal (810°C.), 
the iron-copper alloy system consists of only two phases, one of 
these being the saturated solid solution of copper in iron, the 
other the corresponding solution of iron in copper. In iron con- 
taining copper somewhat in excess of the solid-solution limit at 
room temperature, a second phase will be detected in the micro- 
structure. Since the solid-solution limit of copper in iron varies 
with temperature, it follows that the amount of the second phase 
in alloys having a copper content only slightly in excess of the 
solubility limit can be varied at will within rather wide limits by 
treating the alloy in a suitable manner. A practical application 
can be made of this fact, the mechanical and other properties of 
the metal being varied correspondingly (see aging, p. 431, and 
also “The Alloys of Iron and Copper” C1055) ). 

B. GOLD TO NICKEL 

258. Gold. — The early work of Isaac and Tammaim (160) 
still stands as the main source of information on iron-gold alloys. 
The limit of solid solubility of gold in alpha iron is approximately 
18 per cent. The change* of this limit with temperature has not 

* As a result of recent X-ray studies of electrolytic iron, Norton cl066) 
concluded that the maximum solubility of copper in iron is about 1.4 per 
cent by weight at the eutectoid temperature of 850 °C. and that the solubility 
is constant, at 0.35 per cent copper, at all temperatures below approximately 
650°C. 
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been determined. Jette and his associates 00575 in a recent 
X-ray study have determined the parameter of the body-centered 
cubic lattice of iron containing 2 per cent gold to be 2.8643 A., 
an increase of 0.094 per cent over the parameter of iron. The 
temperature of the A 2 transformation in iron is apparently 
unaffected by the presence of gold. 

269. Hydrogen. — Hydrogen occurs more frequently as an 
impurity in iron than is commonly supposed. It has been known 
since the early work (1863) of St. Claire-Deville and Troost that 
hot iron is readily permeated by hydrogen. According to 
the extensive studies of Sieverts and his associates / 8595 and to 
results obtained by Martin C8445 on electrolytic iron, hydrogen 
is absorbed by iron at temperatures of 400 to 500°C., the solu- 
bility increasing linearly with increasing temperature up to the 
A 3 temperature. The change of the iron to the gamma form is 
accompanied by a sudden increase in the solubility of the hydro- 
gen and, with increasing temperature up to the melting point, 
the solubility increases linearly at a slightly greater rate than in 
alpha iron. Data recently published by Luckemeyer and 
Schenck (1017) are in good agreement with the results of Sieverts 
and of Martin. Electrolytic iron, open-hearth iron, and carbonyl 
iron were the materials used. These investigators also reported a 
sudden decrease in the solubility of hydrogen in iron as the 
metal changes at the A 4 transformation from the face-centered 
cubic lattice of gamma to the body-centered lattice of delta iron. 
On the other hand, the results obtained by Iwase C672) on iron 
reduced from the oxide, although showing a marked difference in 
the rate of solution in the alpha and gamma forms of iron, did 
not confirm the sudden change in solubility as the iron changed 
from one allotropic form to another. Iwase found the solubility 
of hydrogen in both forms to be considerably higher than was 
reported by Sieverts and by Martin, also the difference between 
the solubility rates in the two forms to be much greater, as is 
shown in Table 94. 

Hydrogen in the atomic state is readily absorbed by alpha 
iron at room temperature / 4125 and electrolytic iron as well as 
iron which has been “over pickled” in acid usually contains 
considerable hydrogen. According to Davey C656) the “tunnels” 
or interatomic spaces in the iron crystals are large enough to 
permit the movement of hydrogen atoms but not of hydrogen 
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Table 94. — Solubility of Hydrogen in Iron at Atmospheric Pressure 


Martm C844) 

. _ 

Iwase^ 725 

Temperature, 

°C. 

Solubility, cu, 
cm. of H 2 per 
100 g. iron 

Temperature, 

°C. 

Solubility, cu. 
cm. of PI 2 per 
100 g. iron 



200 I 

1.685 



300 

3.600 

440 

0.30 

410 

5.120 

522 

0.75 

520 

6.980 

649 

1.49 

658 

9.285 

772 

2.10 

740 

11.065 



800 

11.925 

896 

2.83 

900 

13.325 

924 

4.46 

920 

14.635 

1005 

5.35 

1010 

26.200 

1087 

6.78 

1080 

34.600 

1159 

7.13 




molecules, at ordinary temperatures. Measurements of the rate 
of diffusion of hydrogen through open-hearth iron by Lewkonja 
and Baukloh (1014) have shown a continuous increase in the 
diffusion rate with increasing temperature between 700 and 
1000°C. No sudden change, corresponding to the increase in 
solubility at the alpha-gamma transformation reported by 
Sieverts and by Martin, was observed. At 740°C. hydrogen 
diffused through the 1-mm. wall of the closed cylindrical diffusion 
specimen at the rate of 0.5 cu. cm. per hr. At 1000°C. the rate 
was 16 cu. cm. per hr. The rate of increase with increase in 
temperature above 900°C. was much greater, however, than the 
rate in the lower part of the temperature range. The conclusion 
was also reached that the temperature rate of diffusion was 
dependent upon grain size. A diffusion rate of 2 cu. cm. per hr. 
was obtained at 850°C. for open-hearth iron having a grain size 
(average cross-sectional area) of 3000m 2 (m — 0.001 mm.), whereas 
in a similar set-up in which the iron had a grain size of 7000m 2 , the 
diffusion rate was approximately 0.75 cu. cm. per hr. This is 
evidently to be interpreted as a greater tendency for hydrogen 
to diffuse along the grain boundaries than through the body of the 
grains. 
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Pfeil C682) demonstrated conclusively that a loss of tensile 
strength is produced in iron by atomic hydrogen and that 
the fracture is inter crystalline. He also concluded that hydrogen 
in iron decreased the cohesion across the cubic cleavage planes of 
the crystal. The material used was decarburized mild steel 
containing 0.064 per cent silicon, 0.034 per cent sulphur, 0.46 
per cent manganese, and 0.02 per cent phosphorus. The number 
and distribution of inclusions in such material seem to have an 
important bearing on the degree of brittleness produced by 
hydrogen. C588) 

Some diffusion of atomic hydrogen out of iron occurs at room 
temperature and, according to Pilling, (485) the diffusion of 
hydrogen from electrolytic iron upon heating becomes distinctly 
noticeable at 100°C. and reaches its maximum around 200°C. 
Pilling observed a pronounced increase in the scleroscope hard- 
ness of electrolytic iron after heating to approximately 250°C. 
Indications of a second increase in the rate of gas evolution 
between 600 and 700°C. were also reported. 

By means of thermal analysis Rawdon and his associates (683) 
showed that open-hearth iron which had been made the cathode 
of an electrolytic cell and therefore contained atomic hydrogen 
behaved differently from iron which had been heated in hydrogen 
gas above the Az transformation. Evidently the latter material 
retains some hydrogen upon cooling and presumably certain 
irregularities in the subsequent behavior upon heating can be 
associated with this. An evolution of heat having its maximum 
between 300 and 400°C. was observed, as well as irregularities 
in the expansivity curve in the same temperature range. On 
the other hand, iron charged with atomic hydrogen showed an 
absorption of heat having its maximum at approximately 
200° C. This was particularly true for iron which had been 
reduced from the oxide and then charged with atomic hydrogen. 
Wever and Pfarr (103S) showed that electrolytic pickling caused 
an appreciable distortion of the lattice of alpha iron. 

The existence of definite “hydrogen points,” below the A 2 
transformation in high-purity iron, reported by Roberts- Aus- 
ten (90) on the basis of thermal analysis of electrolytic iron, was 
not confirmed by Rawdon and his associates or by Baker. C189) 
Likewise, the embrittlement of a low-carbon steel, reported by 
Heyn C94) as produced by hydrogen, which was retained by 
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quenching the hot metal directly into water from a hydrogen 
atmosphere at a temperature above A 3, has not been confirmed 
for high-purity iron. Data reported recently by Luckemeyer- 
Hasse and Schenck (1017) for ingot iron indicated a greater notch 
brittleness for the iron quenched after being heated in hydrogen 
than for the same material quenched after being heated in a 
vacuum. No appreciable difference in hardness was observed, 
however. 

According to Esser and Cornelius, (995) the presence of hydrogen 
in iron resulted in a peculiar 11 doubling” of the A 3 transformation 
although otherwise the transformation temperatures were not 
affected. The same phenomenon was previously observed by 
Harrington and Wood (889) and was considered by them- to be 
characteristic of pure iron rather than to be the effect of any 
hydrogen present. 

There is still considerable uncertainty as to the real nature 
of iron-hydrogen solutions largely because iron of high purity 
has rarely been used in the studies made. In Huttig's classifica- 
tion^ 7 ^ of the hydrogen-metal combinations, iron is classed with 
the metals which form 11 hydrides” which closely resemble alloys 
in their nature especially at low temperatures. Borelius C701) 
has put many of the data obtained by Sieverts into the form of 
mathematical equations as has Lombard * 7275 for the rate of flow of 
hydrogen under pressure through an iron wall. No satisfactory 
equilibrium diagram has as yet been proposed for the iron- 
hydrogen system. The effect of hydrogen on the magnetic 
properties of iron was discussed in Chapter VII. 

260. Manganese. — The critical review by Krivobok and 
Wells ci012) of the existing data, including their own, (1013) and the 
related work of Walters and associates, (987) on the constitution of 
iron-manganese alloys shows the uncertainty which exists con- 
cerning this system. However, manganese enters readily into 
solid solution in iron, and for small amounts of this element the 
essential facts may be said to be well established. 

Above 1400°C., iron containing manganese up to approxi- 
mately 2 per cent (337) exists in the delta condition, characterized 
by a body-centered cubic lattice. The temperature of As 
is rapidly lowered with increasing manganese content but 
on account of the marked hysteresis on heating and on cool- 
ing, < 604 * 891 ‘ 9005 the alpha-gamma transformation appears to be 



EFFECT OF MINOR CONSTITUENTS 


445 


spread over a considerable range instead of occurring at a definite 
temperature. The existence of a second phase CS57) at tempera- 
tures of approximately 400°C. and below in alloys containing 
somewhat more than 10 per cent of manganese adds to the 
complexity. According to Esser and Oberhoffer, (604) the tem- 
perature of the A 2 transformation is lowered linearly by increasing 
manganese content and occurs at 690°C. in iron having a manga- 
nese content of 2.2 per cent. 

The limit of solid solution of manganese in iron at room tem- 
perature has not been definitely established. Schmidt CS57) 
reported it to be approximately 10 per cent; X-ray examination 
of an alloy containing 10.08 per cent manganese (plus 0.03 per 
cent carbon) showed only one phase present, whereas the exist- 
ence of two phases was clearly shown in a comparison alloy 
containing 11.8 per cent. According to Schmidt, the parameter 
of the body-centered lattice of alpha iron is increased 0.28 per 
cent by the introduction of 10 per cent manganese, the relation 
between the parameter and the manganese content being a linear 
one. 

261, Molybdenum. — A great many of the basic facts relating 
to the constitution of iron-molybdenum alloys can be credited 
to Sykes. (687) Although Takei and Murakami (862) and Arnfelt C761) 
differ in some of their conclusions, these differences relate 
especially to the alloys of intermediate and high molybdenum 
content. At room temperature iron can hold about 6 per cent 
molybdenum in solid solution. With increasing temperature, 
the solubility limit does not change greatly until the temperature 
exceeds 600°C., after which it increases, and at 1440°C. iron can 
hold 24 per cent of molybdenum in solution according to Sykes, 
and 38 per cent according to Takei and Murakami. Molyb- 
denum is one of the elements which lower the temperature of the 
A a transformation and raise A 3 , thus forming an inclosed gamma 
field in the diagram. The maximum amount of molybdenum 
which can be retained in solution in gamma iron is about 3 per 
cent. The temperature of the A 2 transformation is lowered only 
very slightly by molybdenum according to Takei. csa2) The 
equilibrium diagram for the system iron-molybdenum is dis- 
cussed in detail in another monograph (969) of this series. 

The introduction of molybdenum into alpha iron does not 
change the type of lattice structure and the increase in the 
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parameter of the body-centered cubic lattice is very small. 
According to Chartkoff and Sykes (874) the addition of molyb- 
denum to saturation expanded the lattice 1.3 per cent. 

262. Nickel. — In spite of the numerous studies which have 
been carried out on iron-nickel alloys, there is still considerable 
uncertainty as to certain portions of the system, particularly 
the alloys having a nickel content from 20 to 40 per cent. The 
effect of a small amount of nickel is well understood, however, 
and the excellent summary by Meriea (1019) of the constitution of 
iron-nickel alloys based upon existing technical information has 
been used as a basis of discussion here.* 

At high temperatures, nickel enters into solid solution in iron 
in all proportions. Above 1400 °C. the delta solid solution is the 
stable form with a nickel content of approximately 4 per cent or 
less. This solution has a body-centered cubic lattice and is 
similar to the stable form at room temperature. The general 
effect of nickel on the temperature of 1 3 transformation is to 
lower it. However, on account of the pronounced hysteresis 
which exists, definite temperatures cannot be assigned with 
certainty for specific nickel contents. In iron containing 5 per 
cent, hysteresis is observed within the temperature range 600 
to 750°C. Above this range, the gamma solid solution is stable, 
and below it the alpha solid solution is stable. The substitution 
of nickel atoms for iron in the lattice does not change the param- 
eter greatly; it varies from 2.86 A. for iron to 2.875 JL for the solid 
solution containing 32 per cent nickel. The effect of nickel on 
the A 2 transformation is uncertain; within the field of the alpha 
solid solution, it is believed to be lowered slightly by increasing 
nickel content. 


C. NITROGEN AND OXYGEN 

263. Nitrogen. — Nitrogen is a common impurity in com- 
mercial iron which has been melted. A recent investigation ( 107 6) 
indicates that, at approximately atmospheric pressure, nitrogen 
Is soluble in molten iron to the extent of 0.039 per cent at a 
temperature slightly above the melting point, and 0.042 per 
cent at 1760°C. 

* The constitution of the iron-nickel alloys will be discussed in detail in a 
forthcoming monograph of this series, “The Alloys of Iron and Nickel/’ 
now in preparation. 
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Braune ci28) was probably the first to study systematically the 
influence of nitrogen on iron and its structure. He showed that 
nitrogen was similar to carbon in its effect as a hardening and 
strengthening element and, if present in sufficient amount, 
resulted in a microstructural constituent analogous to the 
carbon-bearing constituent pearlite. The name braunite is 
often used in referring to the nitrogen-bearing constituent which 
is essentially an eutectoid of iron with a compound of iron and 
nitrogen. The limit of solubility of nitrogen in iron is usually 
not exceeded unless the metal has been subjected to unusual 
conditions. Nitrogen in slight excess over this limit shows itself 
as “ nitride needles” within the individual ferrite grains, as in 
arc-fused metal in welds. <418) The term “ needle” is a misnomer, 
since the particles are in reality flat plates seen in cross section. 

According to the work of Sieverts and his associates/ 86 ^ 
which has been confirmed by Martin/ 844) the solubility of 
nitrogen in gaseous form in iron is very slight up to the tempera- 
ture of the Az transformation. As the iron assumes the gamma 
form the solubility increases greatly, the volume of nitrogen 
in 100 g. of metal being of the order of 16 cu. cm. (measured under 
standard conditions) with a slight decrease in solubility with 
increase in temperature above A 3 . Iwase*s (672) results con- 
firmed Sieverts* in showing a difference in the solubility in alpha 
and in gamma iron. He noted no sudden increase at Az, how- 
ever, but merely a more rapid rate of absorption of nitrogen with 
increasing temperature above this point. Alpha iron takes up 
nitrogen from “ cracked** ammonia and this is the means used to 
obtain materials for the study of the equilibrium diagram. 

The diagram of the iron-nitrogen system, as it is known at 
present, is to be attributed largely to the work of Fry C509) and of 
Sawyer. (531) There are still many points to be settled concerning 
the high-nitrogen alloys, but the main facts relating to the 
occurrence of relatively small quantities of nitrogen in iron and 
the attendant effects are well established. According to Fry, 
the temperature of the A 2 , or magnetic, transformation is 
lowered slightly by nitrogen from 768 to 740°C. within the solid- 
solution field. The temperature of the Az transformation of 
the system decreases with progressive increase of nitrogen 
until the eutectoid temperature is reached. The recent work of 
Lehrer C895) places the temperature of this eutectoid at 591°C. 
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with a nitrogen content of 2.35 per cent instead of Fry's values of 
580°C. and approximately 1.5 per cent nitrogen. The maximum 
amount of nitrogen which alpha iron can hold in solid solution 
occurs at this temperature, the amount according to Fry< 500 ) 
being 0.5 per cent. The recent precise measurements by X-ray 
methods of Eisenhut and Kaupp, C878) who used the Debye- 
Sherrer method on carbonyl iron in powder form, gave 0.42 
per cent nitrogen as the maximum solid solubility of nitrogen and 
591°C. as the eutectoid temperature. Determinations by the 
same investigators have shown solubility limits at different 
temperatures as follows: 450°C. 0.32 per cent, 620°C. 0.39 per 
cent, and 700°C. 0.34 per cent. The limit at room temperature 
has not been determined so precisely. Sawyer C53i:) gave a value 
of 0.3 per cent based upon microscopic studies showing whether 
or not nitride needles were present in the grains. The value given 
by Fry/ 509) 0.15 per cent nitrogen, probably is more nearly cor- 
rect. The rate of increase in solubility of nitrogen in iron with 
increasing temperature is much greater above 450°C. than below 
this temperature according to Fry. The results obtained 
by Dean and his associates C818) on the dispersion hardening 
of nitrided electrolytic iron by reheating it after it had been 
quenched confirm this finding. The hardness (Rockwell B) 
of remelted electrolytic iron with nitride needles apparent in 
the microstructure was increased from 42 to 70 by quenching 
from 500°C. ; on standing at room temperature, a further increase 
in hardness up to 93 occurred, which value did not fall below 90 
on heating the material at 100°C. 

According to Eisenhut and Kaupp, (878) within the limit of 
solid solubility the body-centered lattice of iron is changed 
only slightly by the presence of nitrogen. Measurements at 
620°C. gave 2.865 A. for a lattice parameter for iron containing 
0.25 per cent nitrogen; 2.87 A. for 0.34 per cent nitrogen, and 
2.872 A. for 0.4 per cent nitrogen, the value for iron containing 
no nitrogen being 2.86 A. Several investigators have reported 
upon the structure of the iron-nitrogen compounds. (850 » 878 * 888 ’ 890) 
A discussion of the nitrogen-rich alloys is not necessary for an 
understanding of nitrogen as an impurity in iron. All investi- 
gators agree on the existence of at least two compounds, Fe 4 N 
and FeaN; the former occurs in needle form or as an eutectoid 
when the solubility limit of nitrogen in iron is exceeded. The 
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work, of Epstein and associates (822) indicated the existence of three 
distinct compounds, and Fe 6 N was suggested by him as the 
needle-like constituent in the structure of nitrogen-bearing iron. 
This has not been confirmed, however, by later workers. <895) 
Mehl and his associates <1063) recently explained the mechanism 
of the precipitation of Fe 4 N from the saturated solution of 
nitrogen in alpha iron, as it relates to the crystal structure. 
Fe 4 N, precipitating from the solid solution, takes the form of 
lenticular plates which lie parallel to the (2 1 0) planes of the 
alpha iron matrix. The general plane of the Fe 4 N plate is the 
(1 1 2) plane of its crystal structure. Thus, the (2 1 0) plane 
of the iron matrix and the (112) plane of the nitride precipitate 
coincide, “with the close-packed strings of atoms in the two 
planes mutually parallel.” 

The presence of nitrogen in the metal has been shown to be 
the principal cause of embrittlement in certain welded j oints. C928) 
According to Scott, (941) nitrogen has about four times the effect 
of the same amount of phosphorus on the properties of steel; 
an increase of 0.01 per cent in the nitrogen content was suffi- 
cient to cause a marked difference in physical properties, but 
the average amount of nitrogen (0.0045 per cent) found in 
open-hearth steel was not seriously detrimental to the quality. 
Ehn C923) concluded that the change in mechanical properties 
due to nitrogen was similar to that caused by carbon but was not 
so pronounced. He mentioned the embrittling action and the 
injurious effect on magnetic properties as a result of nitrides. 
Such effects are intensified by the tendency of the nitride to 
segregate; it was reported by Diergarten and Eilender (920) that 
the nitrogen content of the center and upper parts of an ingot, 
of low-carbon basic open-hearth steel, may be 100 per cent higher 
than in the outer parts of the ingot. 

264. Oxygen. — The complete elimination of oxygen from 
iron prepared by thermal means is extremely difficult. In iron 
which is otherwise pure, most of the oxygen that is present occurs 
as discrete globules of FeO, gray in color, and usually having a 
diameter sufficiently large to render them visible in a polished 
microsection. 

A small amount exists in solid solution, but the limit of solid 
solubility at room temperature is still uncertain. Tritton and 
Hanson C585) set this limit as about 0.05 per cent of oxygen. 
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Gillett, cs71) however, stated that metallographic examination 
showed it to be much lower than 0.05 per cent; Ellis and Schu- 
macher (1052) placed it at 0.01 per cent; and Esser and Cornelius (996) 
believed that oxygen was insoluble in solid iron, but this con- 
clusion was based on microscopic evidence which appears to be 
incomplete. The solubility of oxygen in iron increases as the 
temperature is increased. Krings and Konii)kons :srr,: announced 
that the limit of solubility at 715°C. is 0.11 ± 0.015 per cent. 
The value of 0.21 per cent obtained by Tritton and Hanson< 586) 
for the limit of solubility of oxygen in liquid iron at the melting 
point is in good agreement with the value obtained by others (7X9) 
and is generally accepted. Herty and his associates C719) deter- 
mined the solubility in liquid iron up to a temperature of over 
1700°C. They found a linear relationship between temperature 
and solubility limit, the value for 1600°C. being 0.305 per cent 
oxygen and that for 1700°C. 0.45 per cent. Two immiscible 
layers formed when the concentration of oxygen in liquid iron 
exceeded these values. According to Tritton and Hanson (585 > 
the presence of 0.20 per cent oxygen caused the melting of iron 
to be spread over a range of 10°C. 

The influence of oxygen on the transformations in iron is still 
uncertain although Tritton and Hanson C585) detected no change 
in the A 3 and A 2 transformations in iron containing 0.12 to 
0.21 per cent oxygen. A suggestion by Oberhoffer (733) that the 
presence of oxygen in iron may result in the formation of a closed 
gamma loop in the constitutional diagram, as many other 
additions do, has not been followed up in an experimental way. 
Yensen, C871) reasoning somewhat along this line from the results 
obtained with irons containing varying amounts of silicon and 
carbon, advanced the theory that pure iron should show no 
allotropic points whatsoever. Gillett in discussion of Yensen's 
paper presented some results on the thermal analysis of sup- 
posedly pure iron, obtained by hydrogen reduction of oxidized 
electrolytic iron, which indicated that the apparent absence of 
the A 3 and A 2 transformations in this material did not neces- 
sarily show that the iron was transformationless. Some of the 
hydrogen-reduced sponge iron contained 10 to 11 per cent oxygen, 
and the insulating action of the film inclosing the individual 
particles of iron was considered to be the cause of the lack of 
the thermal effect accompanying the Az change. 
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The best compilations of data in the form of iron-oxygen 
constitutional diagrams are those of Mathewson and asso- 
ciates^ 3 ^ and of Benedicks and Lofquist. (765) Both show very 
good agreement in the portion covering the iron-rich alloys. 

Contrary to the usual opinion, oxygen in iron does not appear 
to render it red short in rolling. Although Austin C324 > experi- 
enced some difficulty in the hot working of iron containing 
oxygen, Tritton and Hanson (585) and Herty <719) reported that 
iron which contained as much as 0.08 per cent but was low in 
sulphur (less than 0.01 per cent) could be worked without diffi- 
culty. According to Fell, (925) however, oxygen occurring simul- 
taneously with sulphur in iron appears to accentuate the influence 
of sulphur in producing red shortness. Reschka (981) investigated 
the properties of compressed and sintered (but not melted) alloys 
of high-purity iron with oxygen and concluded that hot working 
was possible with oxygen contents up to 3 per cent; manganese 
oxide reduced hot deformation more than did ferrous oxide; 
ferrous sulphide reduced the forgeability; the tensile strength 
of ferrous oxide alloys increased with increasing oxygen up to 
0.2 per cent; and the toughness decreased with increasing oxygen 
content. 

The presence of oxygen affects the grain size of heat-treated 
iron, according to Gries and Esser, (781) the structure, according 
to Grossmann/ 8325 and the hardenability, according to Bain. (957) 

D. PHOSPHORUS TO ZINC 

265. Phosphorus. — A great deal of study has been devoted 
to phosphorus as an impurity in steel and iron since the early 
work of Percy in 1864, but the principal facts concerning the 
constitutional diagram of the iron-phosphorus system have been 
established only comparatively recently. Most of this knowl- 
edge is to be credited to Haughton, C718) who repeated the earlier 
work of Stead, (99,394) Saklatwalla, ci84) and Konstantinow C215) and 
established with precision the limit of solubility of phosphoius 
in iron and its effects upon the transformations as well as the 
’ other important points in the alloy system up to a concentration 
of 32 per cent phosphorus. 

Phosphorus exists in solid solution in iron at room temperature, 
the limit of solubility being slightly less than 1 per cent according 
to Haughton (718) although the X-ray studies of Oberhoffer and 
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Kreutzer (800) suggest a somewhat higher limit, 1.7 per cent. 
On the other hand, Yensen (690) interpreted some observations 
of the effect of phosphorus on the magnetic properties of iron 
as indicating that solubility at room temperature did not exceed 
0.015 per cent. The range of solid solubility is changed very 
little with increasing temperature and is 1.1 per cent at A 2) the 
temperature of which is lowered slightly to 745°C. The maxi- 
mum solubility, 2.8 per cent, occurs at 1050°C. The A 4 trans- 
formation is lowered by phosphorus and A 3 is raised ; the resulting 
gamma loop extends to a phosphorus content of 0.5 per cent. 

With phosphorus much above 1 per cent, a second phase, 
a compound Fe 3 P, corresponding to 15.7 per cent phosphorus, 
occurs in increasing amounts with increasing phosphorus content. 

Phosphorus in solid solution in iron often results in a character- 
istic “ha zy” cellular pattern in the microstructure within the 
ferrite grains after etching. This is most pronounced when an 
etching reagent containing copper has been used. The marked 
persistence of this pattern after the material has been annealed 
is indicative of a very slow rate of diffusion of phosphorus 
through the iron. According to Whiteley, (458) differences in 
phosphorus content of less than 0.02 per cent in adjacent parts 
of otherwise technically pure iron can be readily shown by means 
of a cupric etching reagent. 

266. Platinum. — According to the early work of Isaac and 
Tammann, (159) iron forms a continuous series of solid solutions 
with platinum, at high temperatures; at room temperature 
platinum is soluble in alpha iron to the extent of nearly 50 per 
cent. 

267. Silicon. — Silicon is a common impurity in iron. As a 
basis for the discussion of this impurity the monograph “The 
Alloys of Iron and Silicon 77 C1000) will serve admirably. Although 
there is still considerable uncertainty concerning the iron-rich 
alloys of this system, many of the principal facts seem to have 
been well established. Silicon exists in solid solution in iron 
at room temperature up to approximately 15 per cent. Whether 
or not this is a simple homogeneous series of solutions is in 
doubt. The presence of carbon and oxygen appears to be 
largely responsible for the irregularities noted in the alloys rela- 
tively low in silicon, 0 to 5 per cent. Up to 90Q°C. the solubility 
limit is not essentially affected by an increase in temperature. 
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Silicon lowers the temperature of the A 4 transformation in 
iron and raises that of A 3 and thus, with progressively increasing 
amounts up to approximately 2 per cent, results in the formation 
of a closed gamma loop. The retention of iron in the gamma 
state at high temperature by the presence of silicon, therefore, 
is limited and is dependent upon the silicon content. The 
temperature of the A 2 transformation is lowered by an increasing 
silicon content and at the limit of solubility, 15 per cent silicon, 
is in the neighborhood of 490°C. 



Fig. 110. — Grain boundaries and other markings on the polished surface of a 
4 per cent silicon-iron alloy, revealed by a suspension of magnetic Fe2C>3 in alcohol 
while the specimen was in a magnetic field. Actual size, {Bitter. c" 3 >) 

Probably the most important effect of silicon on iron relates 
to the magnetic properties. In studying the nature of ferro- 
magnetism, Bitter (9S9 ’ 993) has shown that a crystal of a ferro- 
magnetic metal appears to behave as a conglomerate rather than 
as a single unit when*in a magnetic field. This is well shown 
by the iron-silicon solid solutions although the results for com- 
mercially pure iron do not differ essentially from those for iron 
containing a small amount of silicon. Figures 110 and 111 are 
representative of the results obtained with iron containing 
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4 per cent of silicon. The real significance of these results has 
not yet been fully established. 

268. Sulphur. — Sulphur, as an impurity in iron and steel, 
has been the subject of a great deal of study, the best compila- 
tions on the subject being those of Wohrman (sl2) and of Benedicks 
and L6fquist. <918) The first important published work on the 
equilibrium diagram of the iron-sulphur system was that of 
Treitschke and Tammann, (151) who showed that iron and iron 
sulphide form a simple eutectiferous system, the eutectic con- 



Pig. 111. — Grain markings in silicon-iron (4 per cent silicon) revealed as in 
Pig. 110. Note the different orientations of the three grains. Approximately 
10 X. (Bitter.^*)) 

taining about 15 per cent of metallic iron. Friedrich <211) showed 
that the conclusion of Treitschke and Tammann, that molten 
iron and iron sulphide are not miscible in all proportions, was 
not correct and established the diagram in essentially the form 
used today, the eutectic temperature being given as 983 °C. 
and the eutectic composition as 15 per cent iron. Loebe and 
Becker (261) confirmed these results and* in addition concluded 
that sulphur does not enter into solid solution in iron and that 
the transformation points of iron are unaffected. The recent 
work of Miyazaki C797) who took precautions to prevent contamina- 
tion of the materials used with oxide has not greatly changed 
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the diagram. He placed the eutectic at 17 per cent iron, the 
eutectic temperature remaining unchanged from the value set 
by Loebe and Becker, 985°C. On the basis of results of electric- 
resistivity measurements, Miyazaki concluded that the limit 
of solid solubility at the eutectic temperature is less than 1 per 
cent iron sulphide and at room temperature must be very small 
indeed since microscopic examination of iron containing 0.05 per 
cent iron sulphide (0.018 per cent sulphur) revealed numerous 
discrete particles of the sulphide in the microstructure. Ellis 
and Schumacher C1052) concluded that 0.015 per cent is the probable 
limit of solubility at room temperature. In the absence of 
manganese, the identification of sulphide in the microstructure 
of iron is readily made by the brownish yellow color of the 
sulphide particles and the fact that they are readily attacked 
by a boiling alkaline solution of sodium picrate. (367) 

269. Tin. — Tin enters into solid solution in iron to a limited 
extent. When a clean surface of iron is maintained in contact 
with tin at a high temperature, the tin diffuses into the iron. 
Evidence of this in the microstructure of the iron is shown 
principally by a surface layer of columnar grains consisting, 
presumably, of the alpha solid solution. The magnitude and 
rate of diffusion are shown in the results obtained by Bannister 
and Jones (916) and presented in Table 95. The limit of solid solu- 


Table 95. — Diffusion of Tin into Iron* 


Period, 

hr. 

Temperature, 

°C. 

Depth of 
diffusion, in. 

3 

950 

0 . 0093 

6 

950 

0.0133 

12 

950 

0.0189 

24 

950 

0.0251 

6 

1000 

0.0176 

4 

1050 

0.0184 

2 

1100 

0.0169 


* Bannister and Jones. 

bility of tin in iron at room temperature is in doubt. Edwards 
and Preece C922) found the limit at 300°C. to be 10 per cent, with 
indication of a decrease in solubility at lower temperatures, 
which would mean a lower value than the 13 per cent reported 
by Wever and Reinecken <641) for room temperature. The maxi- 
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mum solubility of tin in iron occurs at 760°C. (922) Wever and 
Reinecken (641) found that tin has a limited solubility in gamma 
iron. The temperature of the A 4 transformation was reported 
to be lowered about 140°C. for each one per cent of tin and that 
of the A 3 transformation raised 40°C. by the same amount, the 
result being a closed gamma field with a maximum width cor- 
responding to approximately 2 to 3 per cent tin. 

The temperature of the A 2 transformation in iron is not 
affected by the presence of small amounts of tin. 

270. Titanium. — Information on the effect of titanium on 
iron is meager. Wever (810) included titanium in the list of 
elements whose presence in iron results in a closed gamma field, 
without any supporting published data, however. Some evidence 
in favor of Wever’s statement was secured by Michel and 
B6nazet (89S) on a low-carbon steel (0.1 per cent carbon) treated 
with titanium which was not entirely free from aluminum. Their 
data roughly suggested a maximum solubility of titanium in 
gamma iron of approximately 1 per cent. The limit of solubility 
of titanium in alpha iron at room temperature has not been 
accurately determined. The early work of Lamont (285) placed 
the limit of solid solubility as 6.3 per cent at the eutectic tempera- 
ture, 1300°C. Wasmuht (951) showed that iron having a titanium 
content of 3 per cent could be hardened by a precipitation treat- 
ment, but only if another element, such as nickel or silicon, was 
present. The results obtained by Seljesater and Rogers (982) 
with iron-titanium alloys, made from ferrotitanium which 
contained substantial amounts of aluminum and silicon, led 
these authors to conclude that approximately 3 per cent of 
titanium was the limit of solid solubility at room temperature. 

271* Tungsten.* — The effect of small amounts of tungsten 
on iron is similar to that of corresponding amounts of molybde- 
num. The solid-solubility limit of tungsten in iron, as deter- 
mined by Honda and Murakami, C371) was redetermined by 
Sykes. <688) At a temperature just below the melting point of 
iron, about 33 per cent of tungsten is soluble in iron and about 
8 per cent at room temperature. The introduction of tungsten 
into the body-centered cubic lattice of iron to the saturation 
value, 33 per cent, increases the parameter about 1.05 per cent. 

* Full discussion of the effect of tungsten in iron is found in another 
volume (10B4) of this series of monographs. 
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The increase resulting from 4 per cent of tungsten was not 
detectable and 10 per cent caused an increase of about 0.2 per 
cent in the lattice parameter. cs74;) 

The solubility of tungsten in gamma iron, like that of molybde- 
num, is limited, only 3 per cent being completely soluble although 
the duplex gamma-alpha field extends to 6 per cent. (947) A 
closed gamma loop results from the lowering of the temperature 
of the A 4 transformation and the raising of As. 

272 . Vanadium. — The available data on the constitution of 
iron-vanadium alloys have recently been critically reviewed by 
Saklatwalla and Strauss. (1023) Although there is considerable 
uncertainty on some points, the main facts are well established. 
Iron dissolves vanadium in all proportions in solid solution at 
high temperatures. At room temperature the solubility of 
vanadium in iron is limited to approximately 25 per cent. With 
a vanadium content much above this, a second phase, a com- 
pound, FeV, appears. 

The introduction of vanadium in small amounts into iron 
results in the raising of As and the lowering of the A 4 transforma- 
tion and thus creates a restricted gamma-iron field or loop. 
The maximum amount of vanadium which can be dissolved in 
gamma iron is about 1.1 per cent. All available data indicate 
a slight increase in the temperature of the magnetic or A 2 change 
with increase of vanadium content; 785°C. for 1.4 per cent 
vanadium has been given by Wever and Jellinghaus. (912) The 
effect of greater and increasing amounts of vanadium is still 
not fully determined. 

The parameter of the body-centered cubic lattice of iron is 
only very slightly increased by the introduction of small amounts 
of vanadium. Wever and Jellinghaus (912) found an increase of 
0.17 per cent for iron containing 13.4 per cent of vanadium. 

273 . Zinc. — Information on iron containing small amounts of 
zinc is very meager. Zinc is not ordinarily considered as an 
impurity in iron. Alloys of iron having a very low zinc content 
can be prepared only under pressure in closed containers. C2S9) 
Zinc is classed by Wever C810) as one of the elements the addition 
of which to iron results in a widening of the gamma field. This 
is consistent with the published equilibrium diagram (851) which 
shows a continuous lowering of the As temperature to approxi- 
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mately 620°C. with progressively increasing zinc content up to 
18 per cent. 

According to Osawa and Ogawa C851) iron at room temperature 
can retain approximately 18 per cent of zinc in solid solution. 
The X-ray measurements of these investigators indicate that 
the increase in the parameter of the body-centered lattice of 
alpha iron with progressively increasing amounts of zinc is not a 
linear relationship. An increase of 0.73 per cent was noted in 
the parameter of the lattice of the solid solution containing 
14 per cent zinc, whereas an addition of 2.6 per cent of zinc 
resulted in an increase in the lattice parameter of 0.49 per cent. 

The temperature of A 2 is lowered slightly by the presence of 
zinc. According to Osawa and Ogawa (851) it occurs at approxi- 
mately 740°C. in iron containing 10 per cent zinc. 

E. MISCELLANEOUS CONSTITUENTS 

The alkali metals and the alkaline-earth metals, including 
magnesium, are insoluble in iron. (810) Likewise, bismuth, (158) 
lead, (15S) and silver C164) have been stated to be insoluble in iron. 
Petrenko <164) reported that up to a temperature of 1600°C. he 
was unable to detect any solubility of silver in iron. According 
to Burgess and Aston, (274) however, silver is slightly soluble. 
They found that 0.69 per cent was the maximum amount of 
silver retained by molten electrolytic iron although the prepara- 
tion of alloys with an intended silver content of 10 per cent was 
attempted. Further work on the solubility of silver in iron by 
the more precise methods now available is very desirable. 
Zirconium, according to Wever, (810) is one of the elements, the 
solubility of which in gamma iron is limited and which, therefore, 
form a closed gamma field. Supporting experimental data were 
not given. 

The influence of the different elements on the transformations 
in iron was discussed by Wever. (810) Figure 112 from his paper 
is representative of the correlations made. Although the 
plotted data will not support any sweeping generalization, certain 
important trends are observed. It will be noted (Fig. 112) 
that all the elements whose insolubility in iron is well established 
have an atomic volume considerably greater than that of iron. 
With the exception of carbon and nitrogen, all the elements 
which are favorable to maintaining the gamma phase in iron 
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possess ail atomic volume which differs very slightly from that 
of iron. With the notable exception of beryllium and boron, 
both of which have atomic volumes less than that of iron, the 
elements which tend to narrow the gamma field, i.e ., are unfavor- 
able to its maintenance, have atomic volumes which are definitely 
although slightly greater than that of iron. Cadmium and 
silver appear to be exceptions. Wever has shown that, if the 



Fig. 112. — The solid solutions of iron with other elements arranged in the order of 
atomic volumes. (TVecer.c 810 )) 

comparison is made on the basis of atomic radius instead of atomic 
volume, the resulting curve is entirely analogous. Figure 113, 
from Wever's paper, C810) in which the character of the iron-rich 
alloys formed by different elements is shown with respect to 
the position of the elements in the periodic table, supports the 
general conclusions expressed above. 

F. AUTHORS’ SUMMARY 

The effect of minor constituents on the properties of iron, 
and the minimum concentration of minor constituents which 
produces a noticeable effect, vary too widely to permit general 
conclusions. Variation is evident not only in the effect of 
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different constituents on a single property of iron but also in the 
effect of a single constituent on different properties. Each of 
the sections of this chapter constitutes a condensed summary of 
the effect of a single minor constituent, with particular emphasis 
on the physical condition of the constituent as it exists in the 
metal. 




APPENDIX 

CONDENSED SUMMARY OF THE PROPERTIES OF IRON 


The following tabulation is a condensed summary of the best available 
information of those properties of iron which can be conveniently expressed 
in simple terms. Some of these values probably represent the properties of 
absolutely pure iron, at least within the limits of error of the available 
determinations; other values perhaps approximate the values for the proper- 
ties of absolutely pure iron, but the degree of approximation remains to be 
determined. 


Atomic number 
Atomic weight 
Isotopes 
Valence 

Density at 20°C. 
Melting point 
Boiling point 


= 26 
= 55.84 
= 56 and 54 
« 2 and '3 
= 7.87 g. per cu. cm. 

= 1535°C. (279 5°F.) 

= approximately 3000°C. (5430°F.) 


Transformations : 


Ai (gamma-delta) = 1400°C. (2550°F.) 

Az (alpha-gamma) = 910°C. (1670°F.) 

A 2 (magnetic transition in alpha iron) = about 770°C. (1420°F.) 


Structure: 

Alpha iron — body-centered cube 
Lattice constant at 20 °C. = 2.861 A. 

Gamma iron = face-centered cube 
Lattice constant at the A3 point — 3.64 A. 

Delta iron = body-centered cube 

'Lattice constant at the A 4 point — about 2.92 A. 


Thermal properties: 

Heat of fusion = 65 cal. per g. 

Heat effect at the A 2 point - probably none 
Heat effect at the Az point — 3.86 cal. per g. 

Heat effect at the A 4 point = 1.7 cal. per g. 

Volume change at the A 2 point — none 

Volume change at the A 3 point = contraction for change from alpha 

to gamma 

Volume change at the A 4 point = expansion for change from gamma 

to delta. 
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Volume change at the melting point 
Thermal conductivity at 0°C. 


= expansion of less than 5 per cent 
for change from solid to liquid 
iron 

: 0.19 cal. per sec. per sq. cm. (°C. 
per cm.) 


Electric properties: 

Resistivity at 20°C. = 9.8 microhm-cm. 

Temperature coefficient of resistivity between 0 and 100 C. - 0.0065 per 
°C. 

Magnetic properties of a single crystal of pure iron: 

Coercive force = probably zero 

Hysteresis loss — probably zero 

Maximum permeability = 500,000 or more 

Mechanical properties of polycrystalline electrolytic iron, vacuum-fused: 

Tensile strength = 35,000 to 40,000 lb. per sq. in. 

Yield strength = 10,000 to 20,000 lb. per sq. in. 

Elongation = 30 to 60 per cent 

Reduction of area = 70 to 90 per cent 

Brinell hardness = 60 to 70 

Endurance limit = 15,000 to 40,000 lb. per sq. in. 

Young's modulus = about 30,000,000 lb. per sq. in. 
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purity of iron produced, 15, 29 
summary of sulphate baths, 14-16 
time of deposition and hydrogen content of iron, 12 
magnetic properties, effect of cold work, 244, 245 
of grain size, 241—243 
of heat treatment, 246—249 
of manganese, 236 
of pressure, 252 
of silicon, 239 
of tension, 250 
elevated temperatures, 223 
length changes, 252—257 
low temperatures, 222 
room temperature, early work, 213—217 
effect of heat treatment, 217—221 
recent work, 217—221 
{See also High-purity iron) 
melting point, 130—133 

nitrided, tensile properties, effect of aging, 428 
nitrogen in, tensile properties, effect of aging, 423-425, 429 
oxidation at elevated temperatures, 297 
purity, from chloride baths, 29 
produced commercially, 46 
from sulphate baths, 15, 29 
recrystallization, determination of, 416 
specific heat, 141 
structure of, 113 
alpha veining, 118 
factors affecting structure, 114 
tensile properties, aged, effect of nitrogen, 423-425, 429 
effect of quenching, 397 
elevated temperatures, 372 
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Electrolytic iron, tensile properties, summary of, 351 
thermoelectric power, effect of carbon, 203 
thermomagnetic effects, 257-263 
vacuum-fused, hardness, 357 

magnetic properties, effect of annealing, 246-249 
tensile properties, annealed, 342 
forged, 341 
quenched, 341 

Emissivity, high-purity iron, 277 
Entropy, high-purity iron, 150 
Ettinghausen effect, in high-purity iron, 258 

F 

Fatigue resistance, ingot iron, 366 
corrosion fatigue, 367 
effect of understressing, 370 
elevated temperatures, 383 
Ferrite (see Alpha iron) 

Free energy, high-purity iron, 150 

G 

Galvanomagnetic properties, high-purity iron, 257—263 
Gamma iron, crystal structure, 96 
density of, 273 
lattice constant, 97—100 
effect of temperature, 99 
magnetic properties, 224 
plastic deformation, 388 
slip, occurrence of, 388 
specific heat, elevated temperatures, 144 
low temperatures, 139 
thermal expansion, 163 
Gold in iron, effect on corrosion, 329 
on electric resistance, 190 
solubility of, 440 

Grain growth, electrolytic iron, 412 
theories of, 412 
iron, theories of, 412-416 

Grain size, alpha iron, relation to austenite grain size, 412—416 
electrolytic iron, cold worked and annealed, 399-406 
effect on magnetic properties, 241-243 
high-purity iron, effect on hardness, 364 
on magnetic properties, 240-243 
on tensile properties, 349 
low-carbon steel, effect on hardness, 362 
on magnetic properties, 241 
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H 


Hall effect, high-purity iron, 258 
Hardening, high-purity iron, by quenching, 396 
ingot iron, by quenching, 398 
Hardness, electrolytic iron, cold worked, 358 
cold worked and annealed, 402—406 
deposited iron, 354 

effect of annealing, 407—411 
effect of grain size, 364 

of operating conditions in electrolysis, 13, 24 
of quenching, 397 
elevated temperatures, 376 
fused and compacted, 357 
hydrogen-treated, 358 
low temperatures, 384 
quenched and aged, effect of carbon, 423 
summary of, 364 

ingot iron, elevated temperatures, 376 
quenched, 398 

quenched and aged, effect of nitrogen, 423—428 
of oxygen, 423—428 
single crystals of iron, 359 
effect of cold working, 361 
Heat capacity, high-purity iron, 135—146 
summary of, 151 

Heat content, high-purity iron, 147, 150 

Heat effects, high-purity iron, at transformation points, 147—149 
Heat of fusion, high-purity iron, 149 

High-purity iron, aging, effect o,f nitrogen and oxygen, 423-428, 430 
relation to coercive force, 429 

r61e of carbon, copper, tungsten, and beryllium, 430 
boiling point, 134 
charcoal iron, composition, 70 
cold worked, annealing, 416 
compressibility, 275 
corrosion, acids, 314r~320 
aqueous solutions, 312 
atmospheric, effect of purity, 299 
of impurities, 325—338 
creep, 390—393 
crystal structure, 95—101 
lattice constants, 96-100 
summary of, 100 

density, direct determination of, 269 
summary of, 274 

electric resistivity, effect of impurities, 188—192 
summary of, 191 
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High-purity iron, electric resistivity, effect of mechanical treatment, 192 
of pressure, 193 

elevated temperatures, early data, 178 
recent data, 182-188 
summary of, 186 
temperature coefficient, 186 
low temperatures, 170—173 
as annealed, 174 
summary of, 173 
temperature coefficient, 170-174 
moderate temperatures, early data, 173 
recent data, 177—181 
entropy, 150 
free energy, 150 

galvanomagnetic effects, 257—263 
hardening, by quenching, 396 
hardness, effect of grain size, 364 
elevated temperature, 376 
hydrogen treated, 358 
heat of fusion, 149 
heat capacity, 135-146 
summary of, 151 
heat content, 147, 150 

heat effect at transformation points, 147-149 
hydrogen treated, tensile properties, 345 
impact resistance, 365 
lattice constant, 97-100 
effect of temperature, 99 
magnetic aging, effect of impurities, 228 
magnetic properties, above A%, 223 
effect of cold work, 243 
of grain size, 240-243 
of heat treatment, 246-249 
of impurities, 226-240 
of pressure, 252 
of temperature, 221—226 
of tension, 250 
Hall effect, 258 
Nernst effect, 261 
recent developments, 227 
relation to crystal structure, 227 
effect of hydrogen, 235, 236 
Righi-Leduc effect, 262 
room temperature, early work, 213-217 
effect of annealing, 217-221 
recent work, 217—221 
Thompson and Ettinghausen effects, 258 
magnetization curves, 211, 212 
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High.- p ur it y iron, magnetostriction, 252—257 
effect of temperature, 254—257 
mechanomagnetic. effects, 250-257 
variation with, crystal structure, 255 
melting point, 130—133 

early determinations, 129 
recent determinations, 131 
suggested value, 133 
volume change at, 166 
optical properties, emissivity, 277 
reflectivity, 277 

oxidation, elevated temperature, 296 
plastic deformation, effect on crystal structure, 387 
on microstructure, 386 
of time, 389 
mode of, 386 
slip planes, 387 

preparation of, for atomic-weight determinations, 66—68 
compacting, 82 

decomposition of iron carbonyl, 77—80 
early attempts, 60 
melting, 80 

open-hearth ingot iron, 70 

reduction with carbon and carbon monoxide, 70 
with hydrogen, 60—66 
difficulties in, 66 
ferric nitrate method, 64 
ferrous chloride method, 63 
ferrous oxalate method, 62 
ferrous sulphate method, 61 
by metals, 76 
sponge iron, 72—76 

summary of reduction methods, 76 
treatment with hydrogen, 68—70 
recrystallization by annealing, 399—406 
single crystals of {see Single crystals) 
specific heat, 136—145 

structure, cold worked, effect of annealing, 399—406 
tensile properties, effect of grain size, 349 
thermal conductivity, early work, 154 
effect of temperature, 155 
recent determinations, 155 
summary of, 157 

thermal electromotive force, effect of cold work, 204 
thermal expansion, 158—166 
summary of, 166 
at transformation points, 164—166 
thermomagnetic effects, 257—263 
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High-purity iron, Thomson effect, 206 
torsion properties, low temperature, 384 
vapor pressure, 134 
X-ray absorption, 279 
Hydrogen, diffusion into iron, 441-444 
in iron, effect on corrosion, 329 
on magnetic properties, 233 
on structure, 441-444 
on transformation points, 441-444 
solubility of, 441-444 

overvoltage, on various cathodes including iron, 287 
Hydrogen content, electrolytic iron, effect of conditions in electrolysis, 12, 23 

I 

Impact resistance, high-purity iron, 365 
ingot iron, 365 

low temperature, 377 
single crystals of iron, 366 
Swedish iron, elevated temperature, 377 
Inclusions in iron, effect on corrosion, 329 
Ingot iron, blue brittleness, 418-420 

effect of temperature of straining, 418 
temperature of maximum brittleness, 418-420 
cold worked, brittleness, effect of aging, 418-420 
recrystallization by annealing, 399-406 
tensile properties, effect of aging, 418-421 
composition, 72 
compressibility, 275 
compressive properties, 353 
corrosion, aqueous solutions, 312 
hydrochloric acid, 314 
nitric acid, 315 
sulphuric acid, 317 
creep, 392 

density, direct determination, 269 
elastic properties, 352 

electric resistivity, elevated temperature, 182—188 
moderate temperatures, 177-181 
temperature coefficient, 186 
electrode potential, 284-286 
fatigue resistance, 366 
corrosion fatigue, 367 
effect of understressing, 370 
elevated temperatures, 383 

hardness, as aged, effect of nitrogen and oxygen, 423-428 
elevated temperature, 376 
of quenching, 398 
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Ingot iron, impact resistance, 365 
elevated, teniperature, 377 
magnetic properties, effect of tension, 250 
room temperature, 216, 217, 219—221 
magnetization curves, 211 
manufacture, 70 
melting point, 131—133 

nitrogen in, hardness, aged and. quenched, 423—428 
oxidation, elevated, temperatures, 297 
oxygen in, hardness, aged and quenched, 423—428 
structure, twins and Neumann bands, 121 
tensile properties, annealed, 345 
effect of quenching, 398 
elevated temperatures, 371 
forged or rolled, 345 
Iron, alkali metals in, solubility, 458 
allotropy of, A 2 point, 104 
Az point, 105 
A 4 point, 109 
historical review, 101 
miscellaneous transformations, HO 
summary of. 111 

aluminum in, effect on corrosion, 325 
effect on electric resistivity, 190 
on magnetic properties, 229 
on transformation points, 433 
solubility of, 433 

ancient iron, corrosion of, 300—302 
arsenic in, effect on corrosion, 325 
solubility and effect of, 435 
atomic properties, 91 

beryllium in, solubility and effect, 435 
boron in, solubility and effect, 436 
carbon in, effect on corrosion, 326 
on electric resistivity, 190 
on magnetic properties, 229 
on transformation points, 437 
solubility of, 437 

{See also Iron-carbon alloys) 
carbonyl iron {see Carbonyl) 
cathode iron, overvoltage, 286 
cerium in, solubility and effect of, 438 
chromium in, effect on corrosion, 327 
on electric resistivity, 190 
solubility of, 438 
cobalt in, effect on corrosion, 327 
on electric resistivity, 190 
solubility of, 439 
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Iron, compressibility, 275 

copper in, effect on corrosion, 328 
on electric resistivity, 190 ' 
on structure, 439 
solubility of, 439 

corrosion of iron, acids, factors affecting, 320 
hydrochloric acid, 314 
nitric acid, 315 

phosphoric and acetic acids, 320 
sulphuric acid, 317 
alkaline solutions, 320 
aqueous solutions, summary, 324 
atmospheric, effect of purity, 299 
massive iron in dry air, 294 
moist air, 298 
pyrophoric iron, rate, 295 
summary of, 305 

effect of impurities and added elements, 325-338 
summary of, 338 
gaseous corrosion, 302 
summary of, 305 
passivity, 288 
summary of, 293 
theories, 290 
salt solutions, 321 
submerged corrosion, 306 
commercially pure iron, 309 
effect of oxygen, 308 
underground corrosion, 324 
water corrosion, 306 

effect of surface of the iron, 307 
pure water, 309 
water vapor, 298 

crystal growth, method of producing, 83 
crystal structure, 95-101 
effect of nitrogen, 446-449 
lattice constants, 96—100 
plastic deformation, 387 
density, by direct determination, 269 
by extrapolation, 271 
from lattice constant, 271 
electrochemical properties, 281-293 
electrode potential, 283 
effect of variables on, 284 
single crystals of iron, 284-286 
summary of, 286 
electrolytic (see Electrolytic iron,) 
fundamental properties, need for a knowledge of, 92 
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Iron, gold, in, effect on corrosion, 329 
on electric resistivity, 190 
solubility of, 440 

high-purity (see High-purity iron) 
hydrogen, diffusion into iron, 441—444 
effect on corrosion, 329 

on magnetic properties, 233 
on structure, 441—444 
on transformation points, 441—444 
solubility of, 441 — 444 

hydrogen-treated, magnetic properties, 218—221 
inclusions in, effect on corrosion, 329 
ingot (see Ingot iron) 

iron oxides on iron, effect on corrosion, 330 
lead in, effect on corrosion, 331 
manganese in, effect on corrosion, 331 
on electric resistivity, 190 
on magnetic properties, 236 
on structure, 444 

mercury in, effect on corrosion, 332 
miscellaneous elements in, effect of, 458 
molybdenum in, effect on corrosion, 332 
on electric resistivity, 190 
on transformations, 445 
nickel in, effect on corrosion, 333 
on electric resistivity, 190 
solubility of, 446 

nitrogen in, effect on corrosion, 333 
on electric resistivity, 190 
on magnetic properties, 237 
on structure, 446—449 
solubility of, 446—449 
optical properties, 276—279 
overvoltage, 286 

of hydrogen, iron cathode, 287 
summary of, 287 

oxidation, elevated temperatures, 296 
oxygen in, effect on magnetic properties, 237 
on structure, 449 — 151 
solubility of, 449 — 45 1 
passivity of iron, 288 
summary of, 293 
tests for, 288 
theories of, 290 

IPeltier effect, against copper, 206 
against mercury, 206 
against platinum, 205 
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Iron, phosphorus in, effect on corrosion, 334 
on electric resistance, 190 
on magnetic properties, 239 
on structure, 451 

plastic deformation, effect of time, 389 
mode of, 387 

platinum in, solubility of, 452 
position in electrochemical series, 282 
purity of, effect of hydrogen treatment, 68 
red shortness, effect of oxygen, 451 
selenium in, effect on corrosion, 334 
silicon in, effect on corrosion. 334 
on electric resistivity, 190 
on magnetic properties, 239 
on structure, 452 
silver in, effect on corrosion, 336 
solubility of, 458 

single crystals {see Single crystals of iron) 
sulphur in, effect on corrosion, 336 
on magnetic properties, 240 
on structure, 454 
solubility, 454 
Swedish ( see Swedish iron) 

thermoelectric power, effect of tension and pressure, 204 
thermoelectric properties, effect of impurities, 202 
tin in, diffusion into iron, 455 
effect on corrosion, 336 
on structure, 455 

titanium in, effect on corrosion, 336 
solubility of, 456 

transformations in iron, effect of various elements on, 458 
0 See also Allotropy; Transformation) 
tungsten in, effect on corrosion, 336 
on electric resistivity, 190 
on structure, 456 

vanadium in, effect on corrosion, 337 
on electric resistivity, 190 
on structure, 457 
zinc in, effect on structure, 457 

Iron-aluminum thermocouple, thermal electromotive force, 196 
Iron-carbon alloys, allotropy, effect of carbon, 437 
carbon solubility in iron, 437 
corrosion, effect of carbon, 326 
crystal structure, effect of carbon, 437 
magnetic properties, effect of carbon, 229 
thermal electromotive force, effect of heat treatment, 203 
thermoelectric power, 203 

Iron carbonyl, decomposition for production of high-purity iron, 77-80 
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Iron-constantan thermocouple, thermal electromotive force, 196 
Iron-copper alloys, corrosion, effeet of copper, 328 
Iron-copper thermocouple, thermal electromotive force, 198 
Iron-lead thermocouple, thermal electromotive force, 199 
Iron-nickel thermocouple, thermal electromotive force, 200 
Iron-nitrogen alloys, iron-rich, discussion of, 447—449 
Iron oxide on iron, effect on corrosion, 330 
Iron-oxygen alloys, iron-rich, discussion of, 449—451 
Iron-platinum thermocouple, thermal electromotive force, 200 
Iron-silicon alloys, magnetic properties, effect of silicon, 239 
Iron-sulphur alloys, iron-rich, discussion of, 454 
Iron-tin thermocouple, thermal electromotive force, 202 

L 


Lead in iron, effect on corrosion, 331 
Low-carbon steel, hardness, effect of grain size, 362 
impact resistance, 365 

magnetic properties, effect of cold work, 244 
of grain size, 241 

M 

Magnetic properties, alpha iron, elevated temperature, 222 
low temperature, 221 
carbonyl iron, 220 
delta iron, 226 

electrolytic iron, as deposited, 233—236 
effect of cold work, 244, 245 
of grain size, 241—243 
of heat treatment, 246—249 
of pressure, 252 
of silicon, 239 
of tension, 250 
elevated temperatures, 223 
length changes, 252—257 
low temperatures, 222 
room temperature, early work, 213—217 
effect of heat treatment, 217—221 
recent work, 217—221 

vacuum-melted, effect of annealing, 246—249 
gamma iron, 224 
high-purity iron, above 223 
effect of aluminum, 229 
of cold work, 243 
of grain size, 240—243 
of hydrogen, 233 
of impurities, 226—240 
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Magnetic properties, high-purity iron, effect of manganese, 236 
of nitrogen, 237 
of oxygen, 237 
of phosphorus, 239 
of sulphur, 240 
of temperature, 221-226 
of tension, 250 
Hall effect, 258 

magnetic aging, relation to impurities, 228 
Nernst effect, 261 
recent developments, 227 
relation to crystal structure, 227 
effect of hydrogen, 235, 236 
Righi-Leduc effect, 262 
room temperature, early work, 213, 217 
effect of annealing, 217—221 
recent work, 217—221 
Thompson and Ettinghausen effects, 258 
hydrogen-treated iron, room temperature, 218-221 
ingot iron, effect of tension, 250 

room temperature, 216, 217, 219-221 
iron-carbon alloys, effect of carbon, 229 
low-carbon steel, effect of cold work, 244 
effect of grain size, 241 
molten iron, 226 
single crystals of iron, 263-267 
compared with polycrystals, 264 
effect of cold work, 244, 245 
of tension, 251 
magnetostriction, 255 
Swedish iron, volume effects, 252 
Magnetic terms and definitions, 211-213 
Magnetization curves, high-purity iron, 211, 212 
ingot iron, 211 

Magnetostriction, high-purity iron, 252—257 
effect of temperature, 254—257 
relation to crystal structure, 255 
single crystals of iron, 255-257 
Manganese in iron, effect on corrosion, 331 
on electric resistivity, 190 
on magnetic properties, 236 
on structure, 444 
solubility, 444 

Mechanomagnetic effects, high-purity iron, 250-257 
Melting, high-purity iron, methods, 80 
Melting point of iron, early determinations, 129 
recent determinations, 131 
suggested value, 133 
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Melting point of iron, volume change at, 166 
Mercury in iron, effect on corrosion, 332 
Molten iron, density, 274 
magnetic properties, 226 
specific heat, 145 
thermal expansion, 163 
Molybdenum in iron, effect on corrosion, 332 
on electric resistivity, 190 
on transformations, 445 
solubility of, 445 


N 

Nernst effect, high-purity iron, 261 
Nickel in iron, effect on corrosion, 333 
on electric resistivity, 190 
solubility of, 446 

Nitrided electrolytic iron, effect of aging on tensile properties, 428 
Nitrogen in iron, effect on corrosion, 333 
on electric resistivity, 190 
on magnetic properties, 237 
on miscellaneous properties, 449 
on structure, 446—449 
on transformation points, 446—449 
rdle in age hardening, 423—429 
solubility of, 446—449 

tensile properties, effect of aging, 423—425, 429 

O 


Optical properties of iron, 276—279 
Overvoltage, hydrogen, on iron cathode, 287 
various cathodes, compared with iron, 287 
iron, 286 

summary of, 287 

Oxidation, electrolytic iron, elevated temperatures, 297 
high-purity iron, elevated temperature, 296 
ingot iron, elevated temperature, 297 
pyrophoric iron, normal temperature, 295 
Oxygen in iron, effect on magnetic properties, 237 
on red shortness, 451 
on structure, 449—451 
on transformation points, 449—451 
solubility of, 449—451 


Passivity of iron, 288 
summary of, 293 


P 



SUBJECT INDEX 


571 


Passivity of iron, tests for, 288 
theories, 290 

Peltier effect, iron against constantan, 205 
against copper, 206 
against mercury, 206 
against nickel, 206 
against platinum, 205 

Phosphorus in iron, effect on corrosion, 334 
on electric resistance, 190 
on magnetic properties, 235 
on structure, 451 
solubility of, 451 

Plastic deformation, alpha iron, 387 
gamma iron, 388 

high-purity iron, effect on crystal structure, 387 
on microstructure, 386 
mode of, 386 
slip planes, 387 
iron, effect of time, 389 
single crystals of iron, effect of, 387 
{See also Creep) 

Platinum in iron, solubility of, 452 


r 

Recrystallization, cold-worked electrolytic iron, annealed, 399-406 
cold-worked ingot iron, annealed, 399-406 
high-purity iron, determination of, 416 
Red shortness of iron, effect of oxygen, 451 
Reflectivity, high-purity iron, 277 
Righi-Leduc effect, high-purity iron, 262 

S 

Selenium in iron, effect on corrosion, 334 
Silicon in iron, effect on corrosion, 334 
on electric resistivity, 190 
on magnetic properties, 239 
on structure, 452 
solubility of, 452 

Silver in iron, effect on corrosion, 336 
solubility of, 458 

Single crystals of iron, compressive properties, 353 
elastic properties, 352 
electrode potential, 284-286 
hardness, 359 

effect of cold working, 361 
impact resistance, 366 
magnetic properties, 263—267 
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Single crystals of iron.', magnetic properties, compared with polycrystals, 264 
effect of cold work, 244, 245 
of tension, 251 
magnetostriction, 255-257 
plastic deformation, effect of, 387 
preparation of, from gas phase, 83 
from solid phase, 83 
summary of, 86 
tensile properties, 347 

large and small crystals, 348 
Slip, in alpha iron, occurrence, 387 
in gamma iron, occurrence, 388 
in iron crystals, occurrence, 387 
Slip pianes, high-purity iron, after plastic deformation, 387 
Specific heat, alpha iron, elevated temperature, 140 
low temperature, 136 
delta iron, 145 

gamma iron, elevated temperature, 144 
low temperature, 139 
molten iron, 145 
Sponge iron, composition of, 72 
manufacture of, 72-76 
pyrophoric, corrosion rate, 295 
Structure, alpha iron, 112 

change at A 3 illustrated, 123 
network structure, 117 
twinning, 121 
veining, 117 
cause of, 119 
electrolytic iron, 113 
alpha veining, 118 

as deposited, effect of annealing, 407—411 
factors affecting the structure, 114 
high-purity iron, cold worked, effect of annealing, 399-406 
effect of plastic deformation, 386 
ingot iron, cold worked, effect of annealing, 400-406 
twins and Neumann bands, 121 
Sulphur in iron, effect on corrosion, 336 
on magnetic properties, 240 
on structure, 454 
solubility of, 454 

Swedish iron, impact resistance, elevated temperature, 377 
magnetic properties, volume effects, 252 
tensile properties, low temperature, 384 

T 

Tensile properties, electrolytic iron, cold worked and aged, 423 
deposited, 343 
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Tensile properties, electrolytic iron, effect of quenching, 397 
elevated temperatures, 372 
nitrided, effect of aging, 428 
summary of, 351 
vacuum fused, 341 

high-purity iron, effect of grain size, 349 
hydrogen treated, ,345 
ingot iron, 345 

cold worked and aged, 418-421 
effect of quenching, 398 
elevated temperatures, 371 
single crystals of iron, 347 
Swedish iron, low temperature, 384 
Thermal conductivity, high-purity iron, early work, 154 
effect of temperature, 155 
recent determinations, 155 
summary of, 157 

Thermal electromotive force, high-purity iron, effect of cold work, 204 
iron-carbon alloys, effect of heat treatment, 203 
thermocouples, formula for, 194 
iron-aluminum, 196 
iron-constantan, 196 
iron-copper, 198 
iron-lead, 199 
iron-nickel, 200 
iron-platinum, 200 
iron-tin, 202 

Thermal expansion, alpha iron, elevated temperature, 159 
low temperature, 158 
delta iron, 163 
gamma iron, 163 
high-purity iron, 158-166 
at A 2 point, 164 
at 43 point, 164 
at A* point, 165 
molten iron, 163 
summary of, 166 

Thermoelectric power, definition of, 194 
iron, effect of impurities, 202 

of tension and pressure, 204 . 

iron-carbon alloys, 203 
iron-platinum thermocouple, 201 
iron-tin thermocouple, 202 

Thermomagnetic properties, high-purity iron, 257-263 
Thompson effect, higli-purity iron, 258 
Thomson effect, high-purity iron, 206 
Tin in iron, diffusion of, 455 
effect on corrosion, 336 
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Tin in iron, effect on structure, 455 
solubility of, 455 

Titanium in iron, effect on corrosion, 336 
effect on structure, 456 
solubility of, 456 

Torsion properties, high-purity iron, low temperature, 384 
Transformation points in iron, effect of carbon, 437 
of hydrogen, 441—444 
of nitrogen, 446—449 
of oxygen, 449—451 
of silicon, 452 
of various elements, 458 
heat effect at, 147—149 
magnetic properties above A 2 , 223 
structural change at A 3, 123 
temperature of, 112 
thermal expansion at, 164—166 
(See also Allotropy of iron) 

Tungsten in iron, effect on corrosion, 336 
on electric resistivity, 190 
on structure, 456 
solubility of, 456 


V 

Vacuum-treated iron, magnetic properties, 218—221 
Vanadium in iron, effect on corrosion, 337 
on electric resistivity, 190 
on structure, 457 
solubility of, 457 
Vapor pressure of iron, 134 


W 


Wrought iron, compressibility, 275 
corrosion in aqueous solutions, 312 

X 


X-ray absorption of iron, 279 


Z 


Zinc in iron, effect on structure, 457 
solubility of, 457 




